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Abstract 
Heavy mineral modal abundances and U-Pb geochronology are used to determine 
sediment provenance, provenance changes through time, and timing of crustal exhumation. 
Optimal preparation of datable detrital minerals (zircon, rutile, monazite, etc.) for provenance 
research using U-Pb geochronology has been a subject of debate and concern. Potential biases 
that are a concern consist of preferentially including or excluding datable detrital grains during 
mineral separation and data processing techniques. Exclusion of grains can lead to under-
representation of source areas for a given sedimentary unit and alter the U-Pb age signature. The 
purpose of this study is to provide insight into this potential biasing by performing Laser 
Ablation-Inductively Coupled Plasma-Mass Spectrometer (LA-ICP-MS) U-Pb analyses of rutile 
and zircon with an optimized mineral separation and grain selection procedure. The Quantitative 
Evaluation of Minerals by SCANning electron microscopy (QEMSCAN®) was thus used to 
provide insight into potential biasing by automated quantification of modal abundances of 
minerals. A reliable technique for sample preparation was developed based on the LA-ICP-MS 
U-Pb analyses and QEMSCAN® mineralogical data. This technique includes minimal separation 
steps without preferential loss of mineral grains, representative sample splitting, and random and 
representative selection of grains to be dated. The result is a more comprehensive dataset for 
provenance analysis.  
The Late Cretaceous sedimentary rocks of the Pine Ridge Sandstone and Almond 
Formation of the Mesaverde Group, Lewis Shale and Fox Hills Sandstone in the Greater Green 
River Basin, Rawlins, Wyoming, were investigated to test and develop mineral separation 
techniques. The methods developed here were also used to test whether there are variations in U-
Pb provenance signal and modal mineralogy due to changes in depositional facies using samples 
from the Upper Cretaceous Blackhawk Formation and Castlegate Sandstone from the Book 
Cliffs, Utah. These stratal units were selected because while the age of the potential source areas 
are well known and the sequence stratigraphy, and sedimentology of the strata is well 
characterized, provenance has not been determined.  
The results from LA-ICP-MS and QEMCAN analyses of Greater Green River Basin sedimentary 
rocks show that standard mineral separation procedures are not ideal for detrital provenance 
investigations. The standard mineral separation procedures introduce bias, resulting in a 
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misrepresentation of the modal mineralogy and provenance age signal. LA-ICP-MS and 
QEMSCAN analyses of sedimentary samples from the Book Cliffs, Utah show that there are 
variations in the U-Pb provenance signal and modal mineralogy between samples from different 
depositional facies.  
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Chapter 1. Introduction  
Long established and common techniques used to determine the provenance of material 
in sedimentary units include manual point counting of detrital minerals to estimate modal 
percentages (e.g. Morton, 1991), and measuring paleoflow directions (e.g. Soyinka and Slatt, 
2008). Advances in higher precision thermochronology, geochronology, and trace element 
determinations of detrital minerals have placed new emphasis on provenance investigations 
(Vermeesch, 2004). Determining U-Pb ages in heavy minerals is a well-established technique in 
detrital provenance analysis, which helps constrain sediment source areas, temporal variations of 
sediment source, and the timing of tectonic activity or exhumation of source materials (e.g. 
Kosler et al., 2002; Sircombe and Stern, 2002; Fedo et al., 2003). Trace element thermometry of 
detrital minerals (e.g. Zr-in-rutile) can provide insight into the thermal history of the sediment 
source and help further differentiate the provenance of sediment (e.g. Zack et al., 2004; Watson 
et al., 2006). Other trace element characteristics may be used to link detrital minerals to 
particular source rock types.  This is being attempted using the Cr-Nb ratio in rutile to 
discriminate between metamafic and metapelitic protoliths (e.g Zack et al. 2002; 2004; Triebold 
et al. 2007, 2012). There is some discussion about the validity of this in ultrahigh-temperature 
(UHT) granulites, but this appears to have been largely resolved by an adjustment in the 
discrimination calculation by Triebold et al. (2012).  
There are three main purposes of this case study in mineral separation procedures for 
detrital provenance research using heavy minerals: 
(1) to establish and test mineral separation and sample preparation techniques for detrital 
heavy mineral analyses, with specific focus on the U-Pb dating of zircon and rutile. 
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(2) the application of the mineral separation procedure to the late Cretaceous Pine Ridge 
Sandstone and Almond Formation of the Mesaverde Group, the Dad Member of the Lewis Shale, 
and the Fox Hills Sandstone of the  Greater Green River Basin in Wyoming.  The sedimentary 
units were used to test the hypothesis of a sediment source shift during the late Cretaceous 
potentially associated with regional tectonic events (Pyles and Slatt, 2000). 
(3) the mineral separation procedure developed in this study was then used to determine 
the variations in the U-Pb provenance signal and modal mineralogy between samples from 
different depositional facies using the Star Point Sandstone, members of the Blackhawk 
Formation, and Castlegate Sandstone of the Book Cliffs, Utah. The following paragraphs will 
outline these topics, their relevance and some background aspects in more detail. 
The introduction of bias, with the potential to alter the provenance age signature, is 
actively debated (e.g. Sircombe and Stern, 2002; Vermeesch, 2004; Andersen, 2005). Potential 
biases involve preferentially including or excluding datable detrital grains. Excluding or 
including certain detrital minerals can result in a non-representative sample fraction to be 
analyzed and ultimately in an incomplete or inaccurate dataset for provenance interpretations. 
Another potential source of bias is the exclusive use of zircon U-Pb ages for provenance 
analyses, because it underrepresents rock types with no zircon or low amounts of zircon (e.g. 
Sircombe and Stern, 2002). Due to its overall durability and abundance in source rocks, zircon is 
the most widely used mineral for U-Pb geochronology, but interest in other heavy minerals 
datable by U-Pb such as rutile (e.g. Zack et al., 2004, Meinhold, 2008) and monazite (e.g. 
Machado and Gauthier, 1996) is increasing.  
Another source of bias is introduced when certain grains are removed during the mineral 
separation procedures. To minimize potential bias during mineral separation procedures, a 
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simplified mineral separation method was developed in this study. This procedure resulted in a 
more representative mineral fraction to be analyzed and minimizes the amount of bias. U-Pb 
geochronology of detrital zircon and rutile from Late Cretaceous sedimentary rock units of the 
Greater Green River Basin (GGRB), Wyoming (Figure 1) were investigated to test the developed 
mineral separation method. The sedimentary units sampled in the GGRB include the Pine Ridge 
Sandstone and the Almond Formation of the Mesaverde Group, the Lewis Shale and the Fox 
Hills Sandstone. These sedimentary units were targeted because the ages of the possible source 
areas are relatively well known (Dickinson and Gehrels, 2009), and the sequence stratigraphy, 
sedimentology, and tectonic activity of the area are well characterized (e.g. Martinsen, et al, 
1993). Between 2 and 3 samples from each of the target units were sampled from outcrops in the 
easternmost part of the Great Divide Basin and the western flank of the Rawlins Uplift (Figure 
2).  
To provide insight into the potential bias introduced during mineral separation 
procedures, the Excimer Laser Ablation-Inductively Coupled Plasma-Mass Spectrometer (LA-
ICP-MS) at the Department of Geology of the University of Kansas was used to measure U-Pb 
isotopes and trace element concentrations. The LA-ICP-MS analyses were used to detect 
differences between the resulting U-Pb age population signatures of sample aliquots produced by 
different mineral separation techniques and also differences between the zircon and rutile 
datasets.  The high throughput of the LA-ICP-MS makes it possible to measure >117 U-Pb dates 
needed for representative statistics on detrital age populations (Vermeesch, 2004) within 6-8 
hours. The Quantitative Evaluation of Minerals by SCANning electron microscopy 
(QEMSCAN!) was used to help quantify potential bias introduced during mineral separation 
methods. QEMSCAN! rapidly determines modal abundances of a large number of heavy 
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minerals (see method section below) and can eliminate errors associated with misidentification 
by optical point counting; therefore, it is a powerful tool for detrital mineral provenance analysis.  
To determine whether there are variations in the detrital U-Pb age signature due to the 
depositional environment sampled, the method outlined above was employed to Late Cretaceous 
strata of the Book Cliffs, Utah.  The sedimentary units of the Book Cliffs, Utah include the 
Panther Tongue of the Star Point Formation, the Spring Canyon, Aberdeen, and Desert members 
of the Blackhawk Formation and the Castlegate Member of the Price River Formation (Figure 3). 
Based on lithostratigraphic correlations, regional seismic and structural data, during the 
deposition of these strata the sediment supply was dominated by Precambrian basement rocks in 
the hinterland (DeCelles, et al., 1995; Lawton, 1985). Thus, the age populations of the deposited 
sediment should remain relatively consistent in the absence of syndepositional biases such as 
erosion of the sedimentary units and hydrologic sorting. However, changes in the depositional 
environment, especially those associated with relative sea level change or changes in regional 
base level could result in an altered provenance signature. This was tested by sampling strata 
from different systems tracts within a stratigraphic section with a well-defined sequence 
stratigraphic framework.  The hypothesis to be tested is whether there are changes in the detrital 
source age in samples collected in highstand, lowstand, and transgressive system tracts of the 
same formation. An underlying assumption is that changes in sea level could result in changes in 
drainage systems and sedimentation patterns.  
Sequence stratigraphy is defined by Mitchum and Van Wagoner (1991) as “the study of 
rock relationships within in a chronostratigraphic framework of repetitive, genetically related 
strata bounded by surfaces of erosion or non-deposition, or their correlative conformities.” The 
fundamental unit of sequence stratigraphy is a sequence. In the rock record a sequence is 
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bounded by unconformities and their correlative conformities (Mitchum and Van Wagoner, 
1991). Sequences can be subdivided into system tracts. System tracts (lowstand, highstand, and 
transgressive system tracts) are defined by their position within a sequence and by the stacking 
patterns of parasequences (Mitchum and Van Wagoner, 1991). Parasequences are a conformable 
succession of genetically related beds and bedsets that are bounded by marine flooding surface 
that generally represent a relative rise in sea level (Mitchum and Van Wagoner, 1991). Lowstand 
system tracts (LST) are commonly represented by rocks that lie above sequence boundaries and 
represent a period of relative sea level fall (Mitchum and Van Wagoner, 1991). Transgressive 
system tracts (TST) are characterized by retrogradational parasequence sets and commonly 
marked by a transgressive surface at the base (Van Wagoner et al., 1988). TST are deposited 
during periods of rapid rise in relative sea level  (Van Wagoner et al., 1988). Highstand System 
Tracts (HST) are generally widespread on the shelf and included one or more aggradational 
parasequence sets that are followed by one or more progradational parasequence sets. HST are 
deposited during a late part of relative sea level rise, stillstand, and early part of the relative sea 
level fall and commonly form on top of LST or TST (Van Wagoner et al., 1988).  
Using a sequence stratigraphic approach, Van Wagoner (1988, 1995) has characterized 
and interpreted possible sea level variations during deposition of the Star Point Sandstone, 
members of the Blackhawk Formation, and the Castlegate Sandstone of the Book Cliffs, Utah. 
During deposition of these units, significant sea level changes had the potential to result in 
variations in drainage patterns, resulting in the addition of new sedimentary source areas. These 
changes could alter the U-Pb provenance signatures and the detrital mineral modes in the 
sedimentary deposits. Various HST and LST were sampled from the sedimentary units in the 
Book Cliffs of Utah. Samples were collected from the HST of the Spring Canyon Member, the 
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LST in the Aberdeen member, the HST and LST of the Desert member of the Blackhawk 
Formation and the LST of the Castlegate sandstone. TST are not well represented in nearshore 
marine strata, and therefore were not sampled. The goal of this part of the study is to effectively 
determine the effect relative changes in sea level have on the modal abundances of heavy 
minerals and the detrital U-Pb age signature in these strata.  
The Panther Tongue and the Spring Canyon member of the Blackhawk Formation were 
used to determine the effect that grain size has on the modal abundances of heavy minerals and 
the detrital U-Pb age signature detected in these strata. A transgressive lag deposit, with medium-
to-coarse grain size sandstone, was collected directly above the LST of the Panther Tongue and 
within the HST of the Spring Canyon Member of the Blackhawk Formation. Finer grain 
sandstones were collected from the LST in the Panther Tongue and the HST in Spring Canyon 
Member. Transgressive lag deposits are formed by wave reworking during a transgression in a 
near shore environment that is characterized by shoreline erosion and winnowing resulting in a 
relatively course lag deposit (Swift, 1968; Van Wagoner et al., 1988). Based on the sampling 
scheme outlined in this paragraph, this part of the study draws comparisons between coarse and 
fine grained samples to determine if and how grain size affects the modal abundances of heavy 
minerals and the detrital U-Pb age signature.  
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Chapter 2. Geologic History  
 
 The geologic history summarized below is intended to outline geologic events of North 
America that are relevant to this study. Section 2.1 intends to summarize the evolution of 
terranes that are potential sources of sediment for the stratal units in the Greater Green River 
Basin, Wyoming and Book Cliffs, Utah. Section 2.2 summarizes the necessary geologic 
background for this study and includes the evolution of the North American Cordillera and the 
development of the Cretaceous Western Interior Seaway. Section 2.3 summarizes the 
depositional history of the sedimentary units of the Greater Green River Basin, Wyoming. 
Section 2.4 summarizes the depositional history of the sedimentary units of the Book Cliffs, 
Utah.   
Chapter 2.1 The Evolution of the North American Craton  
 The North American continent is composed of numerous terranes recording a complex 
geologic history of accretion, rifting, and uplift (Figure 4)(Hoffman, 1988). The evolution of the 
North American Craton or Laurentia initiated in the Paleoproterozoic with the collision of 
numerous continental Archean terranes (e.g. Hoffman, 1988; Whitmeyer and Karlstrom, 2007).  
Notable collisional events in the Paleoproterozoic included the collision of the Slave Province 
with the Rae Province around 1.96-1.92 Ga. The collision of the Slave and Rae Provinces created 
numerous volcanic arcs and orogenic belts along the margins of Laurentia (Whitmeyer and 
Karlstrom, 2007). Continued northwest-southeast shortening resulted in the collision of the 
Archean Superior Province with the Archean Rae-Hearne Province creating the Trans-Hudson 
Orogen at ~1.84-1.82 Ga. This was immediately followed by the collision of the Medicine Hat 
Block and Wyoming Province along the southwest corner of the Laurentia at ~1.82 Ga 
(Whitmeyer and Karlstrom, 2007). From ~1.8-1.2 Ga collisional events were isolated to the 
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southeastern-eastern edge of the continent and include the accretion of the Yavapai Province, 
Mazatzal Province, Granite-Rhyolite Province, and Grenville Province. The Yavapai Province 
(1.8-1.7 Ga) is interpreted to include several volcanic arc terranes that coalesced outboard of 
Laurentia prior to the collisional event known as the Yavapai Orogeny at ~1.71-1.68 Ga (e.g. 
Van Schmus et al., 2007, Whitmeyer and Karlstrom, 2007). The Yavapai orogenic deformation 
was followed by granitic magmatism that intruded the Yavapai Province and surrounding 
terranes (Whitmeyer and Karlstrom, 2007). Following the same geographic trend, the Mazatzal 
Province accreted along the southeast side of the Yavapai Province around 1.69-1.65 Ma and 
was followed by the Granite-Rhyolite Province at ~1.55-1.35 Ga. Coeval with the collision of 
the Granite-Rhyolite Province with the Yavapai and Mazatzal, large volumes of granites intruded 
the Yavapai, Mazatzal, and Granite-Rhyolite Provinces. 
The accretion of the Grenville Province along the northeast side of Laurentia marked the 
beginning of large-scale continent-continent collision between North American, Africa and 
South America at ~1.2-1.1 Ga (Whitmeyer and Karlstrom, 2007). This is better known as the 
formation of the supercontinent Rodinia (Figure 5). The breakup of Rodinia occurred in a two-
stage process that began along the western margin with the opening the paleo-Pacific ocean 
around ~0.78-0.68 Ga. The second stage of disassembly occurred along the eastern margin at 
~0.62-0.55 Ga and created the Iapetus ocean (Bogdanova et al., 2007; Whitmeyer and Karlstrom, 
2007). In the Cambrian, the eastern margin of Laurentia transitioned to an active margin and 
resulted in the accretion of numerous outboard terranes. During the Paleozoic, further subduction 
along the eastern margin resulted in the docking of Gondwana and finally the formation of the 
supercontinent Pangaea (Figure 6; Blakey, 2008; Bogdanova et al., 2007). In the earliest 
Paleozoic, collision of Laurentia with Gondwana drove numerous orogenic events along the 
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margins of the colliding continents and resulted in the Appalachian mountain chain along the 
eastern margin of Laurentia (Hatcher, 1989). Separation of Pangaea initiated in the Triassic with 
rifting along the margins of Laurentia and North Africa and resulted in the opening of the 
Atlantic Ocean and the Gulf of Mexico. The breakup of Pangaea marks the end of major 
continent building events in the eastern half of Laurentia, however this was not the case for the 
western portion of Laurentia. Development of an active margin along the western coast of 
Laurentia docked several outboard terranes and resulted in the development of the North 
American Cordillera, described in more detail in the next chapter.  
Chapter 2.2 Evolution of the North American Cordillera and Development of the 
Cretaceous Western Interior Seaway 
 
 The North American Cordillera (NAC) linearly extends from Alaska to the southern 
regions of Mexico and has a maximum width of 1,600km (Figure 7) (Blakey, 2008; Burchfiel et 
al., 1992). The complex evolution of the NAC initiated in the late Proterozoic with the 
development of a passive margin along the western continental margin of North America (Poole 
et al., 1992). In the Early Mississippian and Permian-Triassic, a westward propagating 
subduction complex transitioned to outer continental margin sedimentation. Further eastward 
migration of the once offshore subduction zone created an active margin immediately adjacent to 
North American continent. Subduction of the proto-Pacific plate was associated with continental 
arc magmatism in the Triassic and Jurassic (Saleeby et al., 1992). Late Jurassic-Cretaceous 
subduction along the active margin was dominated by thin-skinned tectonism (Sevier Orogeny) 
and resulted in an eastern retroarc foreland basin in the interior of western North America, which 
is known as the Sevier foreland basin (SFLB)(Cowan and Bruhn, 1992). Due to a large global 
sea level rise in the Aptian, marine water inundated the SFLB and areas to the east, forming the 
intercontinental seaway known as the Cretaceous Western Interior Seaway (KWIS)(Kauffman, 
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1984). The KWIS was an epeiric sea located east of the Sevier Orogenic belt that extended from 
the Arctic Ocean to the proto-Gulf of Mexico (Figure 7)(Kauffman, 1977; Snoke, 1993). 
Sedimentary units deposited in the KWIS consist of intertonguing nonmarine and marine units 
that record a history of sea-level transgression and regression (Kauffman, 1977; Steidtmann, 
1993). Sediment deposited in the SFLB, along the western margin of the KWIS, contains 
evidence for major variations in sediment supply due its large geographical extent, axial parallel 
transport of sediment and the many deformational events in the North American Craton (e.g. 
Martinsen et al., 1993). Both study areas of this work are situated along the western margin of 
the KWIS, within the SFLB, immediately east of the Sevier Thrust Belt (Figure 7) and 
Cordilleran Fold and Thrust Belt (Figure 8).  
The Laramide orogeny followed the Sevier Orogeny and is characterized by thick-
skinned deformation events (Miller et al., 1992). Laramide orogenic deformation segmented the 
broad Sevier foreland basin resulting in numerous localized sedimentary basins (Figure 8; Miller 
et al., 1992), including the Green River Basin in Wyoming. The Laramide Orogeny initiated at 
~75 Ma and continued until ~35 Ma (Hamilton, 1981; Miller et al., 1992; Cowan and Bruhn 
1992; Bird, 1998).  
Chapter 2.3 Geologic History of the Greater Green River Basin, Wyoming   
 This section is a generalized explanation of the geologic history of the Pine Ridge 
Sandstone and Almond Formation of the Mesaverde Group, the Dad Member of the Lewis Shale, 
and the Fox Hills Sandstone in the Greater Green River Basin, Wyoming. A summary of 
significant tectonic events and subsequent environment of deposition during the deposition of the 
sedimentary units of the Greater Green River Basin is provided.  The Sevier Fold and Thrust belt 
was located west of the late Cretaceous Pine Ridge Sandstone and the Almond Formation of the 
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Mesaverde Group, the Dad Member of the Lewis Shale, and the Fox Hills Sandstone.  Following 
deposition of these late Cretaceous units, the Laramide orogeny began to segment the Sevier 
foreland basin (Figure 7; Miller et al., 1992). Laramide deformation formed Precambrian 
basement-cored uplifts that include the Uinta Mountains, Wind River Range, Granite Mountains, 
Teton Range, Idaho-Wyoming Thrust Belt, and Sierra Madre Mountains (Figure 9; Baars et al., 
1988). These tectonic highs segmented the Sevier foreland basin into smaller localized basins 
and formed the current embayment form of the Greater Green River Basin, Wyoming (GGRB) 
(Figure 8 and 9). Localized sedimentary basins resulted in localized sedimentation patterns.  The 
Laramide uplifts resulted new sources of sediment in the GGRB. (Miller et al., 1992; Pyles and 
Slatt, 2000, 2002, and 2007; Soy and Slatt, 2008). According to Pyles and Slatt (2007), 
paleocurrent measurements and facies changes suggest a provenance shift in the Maastrichtian 
Dad Member of the Lewis shale, which marks the transition to Laramide deformation in 
Wyoming. 
Within the GGRB, the following stratigraphic units were deposited in the late 
Cretaceous(from oldest to youngest): the Pine Ridge Sandstone and Almond Formation of the 
Mesaverde Group, the Dad Member of the Lewis Shale, and the Fox Hills Sandstone (Figure 1; 
Pyles and Slatt, 2000, 2002, and 2007; Soy and Slatt, 2008). The lower part of the Upper 
Campanian Pine Ridge Sandstone of the Mesaverde Group is a very heterogeneous unit and has 
been interpreted as a tidally influenced fluvial system; this unit transitions to a wave-influenced 
deltaic setting up-section (Martinsen et al., 1993). The youngest member of the Mesaverde 
Group in this locality is the Campanian Almond Formation, interpreted as consisting of tidal and 
coastal plain mudstones and sandstones (Pyles and Slatt, 2000). The Maastrichtian Lewis Shale 
lies conformably above the Almond Formation and is divided into three members: the Lower, 
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Dad, and Upper members (Pyles and Slatt, 2000). The Lower Member is interpreted as being 
deposited in a deep-water setting or below storm wave base and consists of black shale (Pyles 
and Slatt, 2000). The Dad Member sits stratigraphically between the Upper and Lower members 
of the Lewis Shale and is composed of sandstones and mudstones from turbidite-dominated, 
submarine fan strata (Pyles and Slatt, 2000). The Upper Member is composed of dark gray and 
olive muddy shelf and basinal mudstones. The Lewis Shale interfingers with the overlying Fox 
Hills Sandstone, which is composed of interbedded sandstone and mudstone. The Fox Hills 
Sandstone is interpreted as deposited in deltaic, shoreface, and backshore settings (Figure 10 and 
11; Pyles and Slatt, 2000).  
Chapter 2.4 Geologic History of the Book Cliffs, Utah 
The late Cretaceous sedimentary units of the Book Cliffs were deposited in the Sevier 
foreland basin during the Sevier Orogeny and prior to the Laramide Orogeny. In the late 
Cretaceous, there was a relatively constant supply of sediment sourced from the Sevier Orogenic 
belt and deposited into the Sevier Foreland Basin (Burchfiel and Davis, 1975; Lawton, 1985).  
However, the deposition of these sedimentary units in the Book Cliffs was interrupted by periods 
of relative sea level fall (Van Wagoner, 1995). Previous studies have interpreted that the 
stratigraphic section throughout the Book Cliffs to record changes in the relative position of sea 
level which affects sedimentation and drainage patterns (Van Wagoner, et al., 1988; Van 
Wagoner, 1991, 1995; Kamola and Huntoon, 1992; Kamola and Van Wagoner, 1995; Yoshida, 
et al., 1996, 1998; Posamentier and Morris, 2000; Miall and Arush, 2001; Hwang and Heller, 
2002). 
The stratal units studied in the Book Cliffs include the Star Point Formation, the 
Blackhawk Formation, and the Castlegate Sandstone of the Price River Formation (Figure 3). 
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These strata are Santonian to Campanian in age and were deposited in the Sevier foreland basin 
as a late Cretaceous, eastward prograding clastic wedge that intertongues with the Mancos Shale 
to the east (Figure 3; Young, 1955). The sedimentary units make up the lower and upper portions 
of the Campanian Mesaverde Group and consist of non-marine, marginal marine, and shallow 
marine deposits that intertongue with the deeper water Mancos shale (Young, 1955). The Star 
Point Sandstone, members of the Blackhawk Formation, and the Castlegate Sandstone contain 
numerous sequence boundaries. These strata are divided into numerous depositional sequences 
and depositional systems tracts (Van Wagoner, et al., 1988; Van Wagoner, 1991, 1995; Kamola 
and Huntoon, 1992; Kamola and Van Wagoner, 1995; Yoshida, et al., 1996, 1998; Posamentier 
and Morris, 2000; Miall and Arush, 2001; Hwang and Heller, 2002).  
 The Panther Tongue of the Star Point Formation is interpreted as a deltaic LST that is 
capped by a transgressive lag deposit (Posamentier and Morris, 2000; Hwang and Heller, 2002). 
The depositional facies in the Panther Tongue is predominantly deltaic (Hwang and Heller, 
2002). The transgressive lag deposit in the Panther Tongue consists of a thin (~ 10 cm thick) 
coarse grained sandstone that was deposited during a relative sea level rise (Posamentier and 
Morris, 2000; Hwang and Heller, 2002).   
The Blackhawk Formation includes six members that consist of progradationally to 
aggradationally stacked shoreface sandstones that interfinger with the Mancos Shale to the east 
(Young, 1955). In stratigraphic order, from oldest to youngest, the six members of the 
Blackhawk Formation are the Spring Canyon, Aberdeen, Kenilworth, Sunnyside, Grassy, and 
Desert members. The members of the Blackhawk Formation that are important to this study 
include the Spring Canyon, Aberdeen, and the Desert members and will be descried below. The 
Spring Canyon Member is comprised of numerous progradational tongues of coastal plain, 
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shoreface sandstones, and siltstones that were deposited within a HST (Kamola and Van 
Wagoner, 1995). The Spring Canyon Member is overlain by a marine flooding surface and does 
not contain any sequence boundaries (Kamola and Van Wagoner, 1995). The Spring Canyon 
Member is overlain by the Aberdeen Member, which consists of similar facies as the Spring 
Canyon Member.  The Aberdeen Member, however, contains two sequence boundaries, one near 
the base of the member and one at the top of the member (Kamola and Huntoon, 1992).  The 
Aberdeen member contains strata of the LST and HST (Kamola and Huntoon, 1992).  The 
Desert Member of the Blackhawk Formation contains HST, LST, and TST. The HST is 
composed of shoreface and shelf facies sandstones and occurs at the base of the member.  It is 
erosionally overlain by a sequence boundary, which is the overlain by incised valley fill with 
strata of the LST and TST (Van Wagoner, 1995).  A shoreface sandstone, interpreted as the TST, 
overlies the incised valley fill (Van Wagoner, 1995).  
The Castlegate Sandstone lies unconformably above the Blackhawk Formation, and 
includes fluvial sandstones that grade into marine sandstone down depositional dip (Van 
Wagoner, 1995). This formation varies regionally and is mainly fluvial in the northern part of the 
Book Cliffs and fluvial to marine in the southern exposures of the Book Cliffs. In the Green 
River, Utah area, the base of the Castlegate Sandstone is a sequence boundary which 
unconformable overlies the Desert Member of the Blackhawk Formation (Van Wagoner, 1995). 
Stacked fluvial strata of an incised valley fill occur above the sequence boundary (Van Wagoner, 
1995).  
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Chapter 3. Methodology 
3.1 Field Sampling  
  Samples were collected from the Pine Ridge Sandstone and Almond Formation of the 
Mesaverde Group, the Dad Member of the Lewis Shale, and the Fox Hills Sandstone in the 
GGRB, Wyoming, and the Star Point Formation, the Blackhawk Formation, and the Castlegate 
Sandstone of the Price River Formation from the Book Cliffs, Utah. In the GGRB, samples were 
collected from steeply dipping Upper Cretaceous units in the Stratton Ranch located on the 
flanks of the Rawlins Uplift, located on the eastern edge of the Great Divide sub-basin north of I-
80 (Figure 2 and 12; Table 2). Samples were collected from the Dad Member of the Lewis Shale 
as well as from sedimentary rock units above and below this statal unit (Figure 1 and 2; Table 2).  
 Samples collected from the Star Point Formation, Blackhawk Formation, and the 
Castlegate Sandstone were taken from various canyons in the northern and southern Book Cliffs, 
Utah. These canyons include Gentile Wash, Hardscrabble Canyon, Tusher Canyon, Kenilworth 
Canyon, and 9-mile Canyon. Gentile Wash and Hardscrabble Canyon are located on the 
northwestern end of the Book Cliffs, along HWY-6, north of Helper, Utah (Figure 13). Samples 
collected within Gentile Wash include the deltaic sample from the LST in the Panther Tongue 
Member of the Star Point Formation (11-PTH-09). The shoreface sandstone from the HST in the 
Spring Canyon Member of the Blackhawk Formation (11-SPC-05) was also collected in Gentile 
Wash. The transgressive lag deposit from the Panther Tongue (10-PTH-01) was collected in 
Hardscrabble Canyon located just south of Gentile Wash on HWY-6 (Figure 3 and 13; Table 3). 
The transgressive lag deposit of the Spring Canyon Member (10-SPC-01) was collected from the 
locally named Tramway section in Kenilworth Canyon which is located west of Gentile Wash 
near the town of Kenilworth, Utah (Figure 3 and 13; Table 3).  Tusher Canyon is located in the 
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southern portion of the Book Cliffs, north of Green River, Utah (Figure 3 and 13; Table 3). 
Samples collected from Tusher Canyon include the LST of the Desert Member of the Blackhawk 
Formation (11-TUS3C-2-17) and the LSTs of the Castlegate Sandstone  (11-CSTG-07; 11-
TUS3C-22.3-23.4)(Figure 3 and 13; Table 3). The HST within the Desert Member of the 
Blackhawk Formation (11-BH-06) was also collected in Tusher Canyon (Figure 3 and 13; Table 
3).  The LST of the Aberdeen Member of the Blackhawk Formation (11-AB-LST) was collected 
in 9-Mile Canyon located west of Helper, Utah on 9-mile road (Figure 3 and 13; Table 3). 
3.2 Mineral Separation Techniques  
 Established mineral separation procedures for U-Pb geochronology investigations of 
heavy minerals include water table separation (e.g. Shaker table, Gemini® Table, and Wilfley® 
Table), heavy liquid separation, magnetic separation (Frantz® Isodynamic magnetic separator), 
splitting of sample, and grain selection or hand picking (Sircombe and Stern, 2002). This 
separation method fractionates heavy minerals and light minerals based on mineral 
characteristics and properties.  
During transport and deposition, detrital grains are subject to various sorting and 
fractionation processes (Sircombe and Stern, 2002). They may be sorted based on grain size and 
become significantly weathered during sediment transportation in to the basin (Sircombe and 
Stern, 2002). Also, sandstones may contain framework grains that are sourced from igneous and 
metamorphic terranes, as well as from material recycled from pre-existing sedimentary units. 
These complex sources commonly contain minerals with a variety of cooling and crystallization 
histories. As a result, framework grains sampled from sedimentary units contains mineral grains 
that have a wide range of grain sizes, grain shapes, density, and magnetic susceptibility 
(Rittenhouse, 1943; Lawrence et al., 2011) As an example, a single sedimentary sample 
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commonly contains zircons that are euhedral, subhedral, anhedral, metamict, range in grain size 
from 30-200 µm; and that contain inclusions. Established mineral separation methods 
preferentially remove the zircons that are <50 µm, are metamict, and contain inclusions 
(Sircombe and Stern, 2002). The zircon grains left to be analyzed are then commonly 50-200 
µm, euhedral to subhedral, non-metamict, and relatively free of impurities. Removing mineral 
grains that are metamict or smaller than 50 µm can lead to a sample fraction to be analyzed that 
underrepresents a source that has metamict zircon or that is distal from the site of deposition. 
Therefore, using these established mineral separation procedures for provenance research 
potentially results in incomplete (biased) datasets.  
The following paragraphs review the standard mineral separation techniques and provide 
a recommended mineral separation procedure for detrital provenance investigations based on the 
findings of this study. It is not the intention of this study to suggest that previous work using 
standard mineral separation techniques for detrital provenance investigations are faulty. The 
mineral separation procedures outlined in this thesis are seen as best practice and should result in 
more comprehensive datasets for detrital provenance investigations.    
Crushing 
 After a sample is collected, the first procedure in the majority of mineral separation 
methods is to set aside a representative hand sample of the original material and crush the 
remaining whole rock. Sedimentary rock samples should be broken at the grain boundaries while 
leaving the individual mineral grains intact, thereby ensuring to preserve the minerals original 
size, and shape. In this study, samples were crushed very coarsely and sieved at 500 µm before 
further grain size reduction. This ensures that material that was already sufficiently crushed was 
removed and not over-crushed. Over-crushing of mineral grains can effectively destroy the 
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grains original shape, and can drastically reduce the grains size. Significantly reducing a grains 
size can render it unusable for common investigative tools. After a sample is crushed the next 
step involves using a water table to remove the very fine mineral grains and concentrate heavy 
minerals.  
 Water table 
 Water table separation techniques, by design, segregate minerals based on specific 
gravity, shape and size of grains. Specifically, the water table tested in this study (Gemini! 
table) is tuned to concentrate minerals with a specific gravity (s.g.) higher than 2.8 g/cm3 and a 
grain size larger than 40 µm from the bulk material. Removing mineral grains that are <40 µm 
could potentially remove certain mineral populations that are highly metamict, distal from the 
site of deposition, or from a source that is aphanitic. The preferential removal of grains <40 µm 
from the sampled material to be analyzed is called grain size biasing (Sircombe and Stern, 2002).  
 The Gemini! water table set-up at the KU geology department was used to test the 
separation efficiency of concentrating minerals with a s.g. higher than 2.8 g/cm3  and >40 µm by 
water table separation techniques. The tested sample was composed of ~1 g of 30-200 µm silicon 
carbide mixed with pure quartz sand. The synthetic silicon carbide (SiC) material used consists 
of hexagonal crystals with a well-characterized specific gravity of 3.1-3.2 g/cm3 and is used as 
an analog for apatite in this investigation. By qualitatively examining the material after water 
separation, it was noticed that the majority of SiC smaller than ~50 µm remained mixed with the 
quartz sand. Also, ~40% of the silicon carbide grains remained in the quartz sand or light 
fraction. Removing grains smaller than ~50 µm could effectively remove mineral grains that are 
from aphanitic source rocks (<62.5 !m grain size) and mineral grains that are distal from the site 
of deposition. Since the LA-ICP-MS technique used can reliably measure isotopes from mineral 
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grains as small as 35 !m, the water table separation was not used in the separation procedure for 
samples in this study.   
 Water table separation is commonly used to concentrate heavy minerals while decreasing 
the sample size to a manageable volume of <500 ml for mineral separation using heavy liquids. 
Since no water table separation was used in the mineral separation procedure for this study it was 
necessary to split the bulk material. Sample splitting was performed after the sample was crushed 
and sieved to <500 µm. The material smaller than 500 µm was then split. One approach to 
representatively split a sample is to pour the sample exactly centered over a narrow divider 
which allows grains of varying grain size to be split in equal amounts (Otto, 1933). 
Representative splitting of the sample minimizes grain size bias and is considered best practice 
and was used here.  
 Heavy liquids 
 Heavy liquids commonly used in mineral separation are Bromoform (max. s.g. 2.85 
g/cm3), Lithium Metatungstate (LMT) (max. s.g. ~2.85 g/cm3), and Methylene Iodide (MEI) 
(max. 3.3 g/cm3). This technique separates minerals in two fractions by density or specific 
gravity: minerals with a specific gravity higher than the heavy liquid (heavy mineral fraction) 
and minerals with a specific gravity lower than the heavy liquid (light mineral fraction). To test 
the effectiveness of the mineral separation procedure using Bromoform and MEI, either 1 or 5 g 
of SiC where mixed with ca. 5 to 50 g of pure quartz sand (Table 1). Different ratios of SiC to 
pure quartz sand were used to determine the effect rafting had on the separation efficiency of 
heavy liquid separation methods. Rafting occurs during heavy liquid separation when heavy 
minerals are held in suspension in the buoyant light minerals and are inhibited from separating 
from the light minerals. The heavy liquids separation procedure, relative to water table 
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separation, yielded more heavy minerals from the bulk material and no contamination of light 
minerals in the heavy mineral fraction, with minimal to no rafting of heavy minerals (Table 1).  
 After representatively splitting a sample to ~500 ml sample material, two 1 l separatory 
funnels containing Bromoform were used as the first separation step. Two separation vessels 
were used in the Bromoform step in order to minimize crowding of material within the vessels, 
which could result in rafting of heavy minerals within the buoyant light minerals. After 
Bromoform separation, a Methylene Iodide step with constriction test tubes followed. The heavy 
mineral fraction extracted with Bromoform was ~2-8 ml, an adequate volume for MEI heavy 
liquid separation in large restriction tubes. These two heavy liquid separation steps generally 
resulted in a ~0.05 ml heavy mineral fraction with a s.g. 3.3 g/cm3 or higher and yielded >117 
grains for LA-ICP-MS analyses. If this separation technique did not result in >117 datable 
mineral grains, the procedure was repeated on more unprocessed sample material. After the 
heavy liquid mineral separation the Frantz Isodynamic magnetic separator was used to further 
concentrate the desired minerals.  
 Magnetic separation 
 The Frantz Isodynamic magnetic separator is a device that separates minerals based on 
their magnetic susceptibility or paramagnetism (e.g. Sircombe and Stern, 2002). Magnetic 
susceptibility is the effectiveness an applied magnetic field has on a material, in this case a 
mineral grain (Sircombe and Stern, 2002). The Frantz electromagnet can be set to a specific 
current ranging from 0.1 A to 1.8 A.  The slide or ramp that contains the barrier separating 
magnetic from non-magnetic grains can be tilted at an angle perpendicular to the slide of ±30°. 
The slide is commonly used to separate material or minerals that have similar magnetic 
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susceptibilities (Sircombe and Stern, 2002). Standard mineral separation procedures commonly 
concentrate zircon with a final step of 1.8 A at 5° (Sircombe and Stern, 2002).  
 Magnetic susceptibly of zircon and rutile grains is directly dependent on the degree of 
impurities, overgrowths, and inclusions in these mineral grains. Magnetic susceptibility of zircon 
also increases with degree of metamictization, which is a function of uranium (U) and thorium 
(Th) concentration, time, and annealing history (Sircombe and Stern, 2002). Metamictization 
allows Fe and other foreign contaminates to be more readily incorporated into the crystal 
structure of the mineral (Lewis and Senftle, 1966; Geisler et al., 2002). Rutile may contain 
inclusions of Fe-rich oxides and hydroxides formed during breakdown of the mineral grains 
associated with diagenetic processes and alteration (Zack et al., 2004). Rutile and zircon, if free 
of these secondary features, would not be magnetically susceptible and would only be present in 
the non-magnetic fraction after Frantz magnetic barrier separation. After sampled material was 
run through the Frantz magnetic barrier separator set at 1.0 A at 10° tilt it was observed that the 
magnetic mineral fraction contained large amounts of zircon. Therefore, the Frantz magnetic 
separation technique was not used for zircon and a mineral fraction was split from the MEI 
heavy mineral fraction to be set aside for grain mounting.  
 Rutile is a ubiquitous mineral in medium- to high-grade metamorphic rocks and highly 
resistant to mechanical and chemical alteration associated with transport, weathering and 
diagenesis (Triebold et al., 2012; Zack et al., 2012). Therefore, rutile is a relatively common 
detrital mineral in sedimentary units. Other TiO2 detrital minerals that are found in sedimentary 
units include brookite and anatase (Triebold et al., 2011), which are indistinguishable from rutile 
by optical microscopy and Raman spectroscopy (Triebold et al., 2011). Anatase and brookite are 
polymorphs of rutile, which renders them chemically identical and indistinguishable using 
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Energy Dispersive Analysis X-Ray (EDAX) on a Scanning Electron Microscope (SEM). It was 
observed in this study that anatase and brookite typically are more magnetic than rutile (see also 
Triebold et al., 2011). Therefore, to ensure that rutile was the mineral being used for U-Pb and 
trace element measurements, the mineral fractions acquired after MEI heavy liquid separation 
were run through the Frantz magnetic separator at 1.8 A and 5o. The magnetic minerals from this 
step were discarded, ensuring that the minerals with higher amounts of Fe where removed from 
the mineral fraction to be dated. The non-magnetic fraction was then hand picked for minerals 
that were closest to the optical mineralogical characteristics of rutile (stubby to needle shaped 
and reddish brown to black). For this study this was the concluding mineral separation step prior 
to mounting detrital rutile in epoxy.   
 Grain mount preparation 
 Mounting relevant mineral grains in epoxy is a necessary step prior to imaging minerals 
grains using SEM and QEMSCAN® (Appendix A: CL Images; Appendix B: QEMSCAN® 
Images). Mineral grains mounted in epoxy were polished cutting approximately halfway into the 
grains. This ensured that the largest possible area of the mineral grain was exposed at the grain 
mount surface revealing internal complexities such as sector zoning, oscillatory zoning, and 
inherited cores, or mineral intergrowths. Polishing the grain mount also ensured a flat surface for 
more precise focusing of the laser beam for U-Pb and trace elements determinations using LA-
ICP-MS.  
 The initial step to embed the heavy mineral fraction in epoxy is to representatively split 
the heavy mineral fraction. As uniformly as possible, these minerals were then spread onto 
doubled-sided adhesive tape fixed on a glass plate in order to minimize crowding and 
overlapping of minerals. Under a binocular microscope, grains where laid flat to ensure that after 
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the grain mount is polished the mineral grains have the largest exposure at the grain mount 
surface. Once mounted on double-sided adhesive tape, a 25mm ring mold was placed around the 
grains and ~3-5 g of epoxy was poured into the mold. The grain mount cured and hardened for a 
minimum of two days and was then polished to cut approximately halfway into the grains.  
3.3 Quantitative Evaluation of Minerals by SCANning electron microscopy 
(QEMSCAN!) 
 
 Whole rock billets and polished grain mounts where sent to the Advanced Mineralogy 
Research Center at the Colorado School of Mines (CSM) in Golden, CO, for Quantitative 
Evaluation of Minerals by SCANning electron microscopy (QEMSCAN!). The QEMSCAN! 
instrument is an automated scanning electron microscope (SEM) coupled with four Bruker 
X275HR silicon drift energy dispersive x-ray spectrometers (EDS) and a four-quadrant 
semiconductor diode backscatter electron (BSE) detector. This setup allows rapid acquisition of 
X-ray spectra and backscattered electron images. Measuring the X-ray spectra and using the 
backscattered electron images, the QEMSCAN! software identifies mineral phases in rock 
billets or polished grain mounts (Pirrie et al., 2004).  
 Common to the majority of SEM imaging techniques, the first step before imaging the 
sample is to coat the surface with a metal or carbon, with a thickness of approximately 50 
angstroms (1x10-10 m), to dissipate charges the electron beam builds up on the sample surface. 
Gold or silver metal coating commonly contains other metals such as Pb that could contaminate 
the mineral grains resulting in a high Pb background during LA-ICP-MS analyses. This could 
result in less precise and/or erroneously old U-Pb ages. A carbon coat does not contain metals or 
other elements that could possibly contaminate the sample surface and was therefore used in this 
study.   
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 For QEMSCAN! analyses, minerals on a sample surface are rapidly located by 
measuring the high contrast of BSE signal between the minerals and the carbon coated epoxy 
(Pirrie et al., 2004). Once the minerals are located, the electron beam does not analyze the carbon 
coated epoxy between grains, but only the mineral surfaces are rastered by the electron beam at a 
previously set resolution. During rastering of the electron beam, the resulting x-ray spectra are 
simultaneously collected by the four Bruker X275HR silicon drift energy dispersive x-ray 
spectrometers. The EDS spectra are then compared to a database of known mineral EDS 
signatures to positively identify the minerals in a given sample. Identification of mineral phases 
at each pixel requires ~10 ms data collection time. Therefore, the amount of time needed to 
identify all mineral grains in a given sample is dependent on the pixel resolution set, the number 
of grains to be identified, and the size of the grains (Pirrie et al., 2004). In this study, a 15 µm 
resolution false-color map of the mineral phases was produced in ~1-2 hours for a grain mount, 
and in ~2-4 hours for a thin section billet. A 4 µm resolution grayscale BSE image was collected 
in ~15 minutes per grain mount. After data acquisition and data processing, a false-color map of 
the mineral phases in the grain mount or thin section is produced, as well as an Excel" 
spreadsheet detailing the modal abundance of each mineral phase in mass and volume percent 
(Appendix B). 
 A key advantage of the QEMSCAN! is that it allows minerals to be positively identified 
that could be misidentified during manual optical identification and point counting. Due to the 
destructive nature of sediment transport from the source to the site of deposition, the detrital 
particles can have a large variety of grain shape, texture, size, and color. This can make some 
grains difficult to identify during manual point counting or selection of mineral grains under a 
binocular microscope, depending on the experience of the operator. Misidentification of mineral 
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grains during manual selection of mineral grains or manual point counting could potentially 
underrepresent relevant mineral populations or an age population in the provenance signal and 
thus introduce a source of bias. However, polymorphs such as rutile, anatase, and brookite are 
not discernible from each other by QEMSCAN! EDS analyses, because chemically identical 
polymorphs produce non-unique EDS signatures and get identified as the same phase by the 
software. A manual check after QEMSCAN! analyses is therefore necessary for minerals with 
polymorphs. 
  3.4 Laser Ablation- Inductively Couple Plasma-Mass Spectrometry (LA-ICP-MS) 
 Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS) was 
originally developed as an in situ approach for trace element determinations and quickly became 
a common tool used for in situ U-Pb geochronological investigations of accessory minerals (e.g. 
Jackson, et al., 1992). LA-ICP-MS in situ techniques result in zircon age data with an accuracy 
conservatively estimated to be within 2-4% (2") of the a Isotope Dilution Thermal Ionization 
Mass Spectrometry (ID-TIMS) age (Horn et al., 2000; Kosler and Sylvester, 2003). Secondary 
Ion Mass Spectrometry (SIMS) provides U-Pb zircon ages within 0.5-2% (2") of the ID-TIMS 
age and allows ablation spots as small as ~15 µm in diameter and is relatively non-destructive 
compared to LA-ICP-MS analyses (Ireland and Williams, 2003), because of the shallow, 
maximal 3 !m deep pits produced. Concentrations of U, Th, and Pb contained in a targeted 
sample, the sensitivity of the mass spectrometer, and the precision required for the analysis 
largely determine the allowable spot size for LA-ICP-MS U-Th-Pb investigations. Therefore, 
minimum spot sizes of LA-ICP-MS analyses necessary for 2% accuracy do not allow the high 
spatial resolution of a SIMS (Davis et al., 2003; Kosler and Sylvester, 2003). Spot sizes of LA-
ICP-MS U-Pb analyses can theoretically range from ~5-200 µm depending on the laser 
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hardware, but spots of 20-30 µm are most routinely used to achieve single spot precision of 
better than 2%. Depending on the LA-ICP-MS equipment used and the type of analyses 
performed, data acquisition time on a single spot can range between 30-120 s (Kosler and 
Sylvester, 2003; Ireland and Williams, 2003). Short data acquisition times allow a large number 
of LA-ICP-MS (>117 grains) analyses to be performed in a short period of time (6-8 hours). 
Therefore, LA-ICP-MS is a powerful tool for provenance investigations using U-Pb 
geochronology and trace element determinations on heavy detrital minerals (Kosler and 
Sylvester, 2003).  
 The LA-ICP-MS system at the Department of Geology, University of Kansas was used 
for this provenance investigation by measuring U-Pb isotopes in rutile and zircon and trace 
element determinations of rutile. This system couples a Photon Machines 193 nm wavelength 
Ar-F Excimer laser to a Thermo Element2 inductively coupled plasma mass spectrometer. For 
LA-ICP-MS analyses, we used a 29 µm laser spot at a laser fluency of 2.66 J/cm2 at 10 Hz for U-
Pb analyses of zircon and rutile and a 22 µm spot size at a laser fluency of 2.66 J/cm2 at 10 Hz to 
determine rutile trace element concentrations. These laser spot parameters allow enough ablated 
sample material to enter the Element2 to get a stable signal and minimize the effects of down-
hole fractionation or mass fractionation (Eggins et al. 1998; Mank and Mason 1999). 
 Mass fractionation is defined as a change in measured isotopic ratios throughout the 
analysis time. Down-hole fractionation is mass fractionation that occurs due to complex 
interactions between the laser beam, sample surface, and the laser pit created during the ablation 
of material and the laser excavating progressively deeper into a material. This results in a 
discrepancy between the measured isotopic content and the “true” isotopic content (Kosler and 
Sylvester, 2003). Empirical evidence suggests that to minimize down-hole mass fractionation, 
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the ablated spot depth should not exceed the diameter, the argument being that limited laser drill 
depth limits the defocusing of the laser beam and thereby minimizes the effect of down-hole 
fractionation (Kosler and Sylvester, 2003). Limiting the laser drill depth also ensures that the 
ablated material or plasma plume is efficiently carried out of the sample chamber (Hirata and 
Nesbitt, 1995). The ablated material is transferred, via Festo® polyurethane tubing, from the 
sample chamber into the Element2 mass spectrometer using helium (He) as the carrier gas at a 
flow rate of ~0.4.-0.46 l/min. Just prior to sample introduction into the Element2 plasma torch, 
the sample material carried in He is mixed with Ar gas in a Y tubing connector or glass mixing 
chamber at a Ar gas flow rate of 1.15-1.30 l/min.  
 As an external calibration material the GJ-1 zircon reference standard (Jackson et al., 
2004) was used to correct for U-Pb age fractionation of unknown zircons, and the accuracy was 
checked using Plesovice (PL) zircon as a secondary reference standard. GJ-1 and PL are widely 
used zircon reference standards and have ID-TIMS 207Pb/206Pb age of 608.5±0.4 Ma (GJ-1; Frei 
and Gerdes, 2009) and 337.13±0.37 Ma (PL; Slama et al., 2008), respectively. For U-Pb dating 
and trace element determinations of rutile, R10 was used as the primary rutile reference 
standards and T-139 was used as the secondary rutile reference standard. R10 has a 207Pb/206Pb 
TIMS age of 1090±5 Ma (Luvizotto et al., 2009) and T139 has an 206Pb/238U TIMS age of 519±2 
Ma (Möller et al., 2000). For individual analyses of U-Pb isotope measurements of zircon, this 
system has a precision of ~0.5-1% 2 sigma standard deviation (SD), and an accuracy of ~1-2% 2 
sigma SD for a population of zircon analyses. For U-Pb analyses of rutile, a precision of 2-3% 2 
sigma SD is achieved for individual analyses and 2-4% 2 sigma SD is achieved for a population 
of analyses.   
3.5 Detrital U-Pb Geochronology by LA-ICP-MS 
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 Making grain mounts for LA-ICP-MS analyses involves pouring minerals on to double-
sided adhesive tape. As mentioned in the section "Mineral Separation techniques" above, the first 
grains to be poured will be the coarsest material followed by finer material. Pouring the grains 
onto the adhesive tape therefore created a heterogeneous grain size distribution across the epoxy 
grain mount. To ensure that a representative amount of fine and coarse grained material was 
selected during LA-ICP-MS analyses, analysis spots were placed on grains in every quadrant 
across the grain mount. During laser spot placement, more than 130 laser spots were placed on 
any grains that appeared to be a relevant datable grain (zircon, rutile). Grains were selected for 
analysis from all grain shapes and sizes.   
  Vermeesch (2004) concluded that in order to be 95% certain that no age population >5% 
is excluded in provenance investigations at least 117 grains must be dated per sample. The 
number of grains (n) analyzed per sample in this study was commonly >117 and therefore data 
that were >15% discordant could be filtered out while still having enough age data to fit the 
criterion of Vermeesch (2004) and for meaningful probability density plots to be constructed 
(Vermeesch, 2004). Relative to standard mineral separation procedures, the mineral separation 
and data acquisition procedures outlined above are interpreted to be following best practice 
procedures in minimizing potential bias.  
3.6 Data Reduction Scheme for LA-ICP-MS U-Pb and Trace Element Analyses 
 
 U-Pb LA-ICP-MS data from analyses of sediments from the Greater Green River Basin 
were processed using the PepiAGE program, and the Iolite! software for trace elements. Among 
other aspects, the PepiAGE program corrects for down-hole mass fractionation, corrects for drift 
throughout the measurement, and allows both manual and automatic outlier filtering (Dunkl et 
al., 2009). The processed masterfile was exported from PepiAGE (Dunkl et al., 2009) and 
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imported into Isoplot/Ex! (Ludwig, 2003). Isoplot/Ex! was used to construct U-Pb probability 
density/histogram plots and U-Pb concordia diagrams, and to calculate the weighted average of 
U-Pb age populations. U-Pb LA-ICP-MS data from analyses of sediments from the Book Cliffs 
were processed using VisualAge DRS in Iolite! (Paton et al., 2010, 2011). This program 
corrects for down-hole mass fractionation and has the option to correct for common Pb and Pb-
loss using the Andersen (2002) model. The data was exported including propagated and internal 
errors in the exported masterfile. Data was further processed in Isoplot/Ex! producing 
probability density/histogram plots and calculating weighted mean averages for age populations 
(Ludwig, 2003). Age data >15% discordant were not used in the construction of probability 
density plots, but where retained for the concordia diagram plots.   
 The Iolite! software was also employed for data reduction of rutile LA-ICP-MS trace 
element determinations (Paton et al., 2010, 2011). Collected data were exported from Iolite and 
imported into Excel, where niobium and zirconium contents were plotted versus the age of the 
rutile grains. The zirconium content was also used to calculate the crystallization temperature of 
rutile grains using the calibration equation of Watson et al. (2006).  
3.7 Variations of Zircon and Rutile U-Pb Age Signatures Using Standard Mineral 
Separation Procedures and the Developed Mineral Separation Method 
 
 A sandstone sample from the Dad Member of the Lewis shale (GR-09-19) was divided 
into three aliquots (GR-09-19A; GR-09-19B; GR-09-19C) and each aliquot was separated using 
a different mineral separation procedure. Each aliquot was analyzed using LA-ICP-MS to detect 
variations in the resulting zircon U-Pb age signatures. The whole rock sample was crushed and 
sieved to <500 !m and representatively split into three aliquots. One sample aliquot was 
processed with standard mineral separation procedures with water-table separation, heavy liquid 
separation, and Frantz Isodynamic magnetic separation at a setting of 1.8 A at 5o (GR-09-19C). 
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During Frantz magnetic separation, it was common for zircon to be present in the magnetic 
fraction above a current setting of 0.7 A. Therefore, a second aliquot was processed through 
water table separation, heavy liquids separation, but Frantz Isodynamic magnetic separation only 
to a maximum current of 0.7 A at 10o (GR-09-19B).  The third aliquot was only processed by 
heavy liquid separation (GR-09-19A). The mineral grains from these different separation 
procedures were mounted in epoxy and LA-ICP-MS U-Pb dating of the zircon content was 
performed. U-Pb LA-ICP-MS results of zircon from samples GR-09-19A, GR-09-19B, and GR-
09-19C are described in chapter 4 section 1 and are represented in figure 14. 
 For rutile, samples GR-09-14 and GR-09-19 from the Greater Green River Basin were 
separated using two different mineral separation procedures. The two samples are from the Dad 
Member of the Lewis shale (GR-09-19) and from the Almond formation (GR-09-14). Each 
sample was representatively split in half in preparation for two different mineral separation 
procedures (GR-09-14A and GR-09-14B; GR-09-19A and GR-09-19B). One aliquot from the 
Dad member (GR-09-19B) and one aliquot from the Almond Formation (GR-09-14B) were 
separated using exclusively Bromoform heavy liquid separation. One aliquot from the Dad 
member (GR-09-19B) and one aliquot from the Almond Formation (GR-09-14B) were separated 
using standard mineral separation procedures that includes Frantz magnetic separation to 1.8 A at 
5o. The mineral grains from these different separation procedures were mounted in epoxy and 
LA-ICP-MS U-Pb dating of the rutile was performed. U-Pb LA-ICP-MS results of rutile from 
samples GR-09-14A, GR-09-14B, GR-09-19A, and GR-09-19B are described in chapter 4 
section 2 and represented in figure 15.1-4.  
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Chapter 4. Results for Testing Various Mineral Separation Procedures  
  
 LA-ICP-MS U-Pb analyses are used in this study to test the effect various mineral 
separation methods have on the resulting U-Pb age data.  The results of analyses of Greater 
Green River Basin, Wyoming sedimentary rocks are described in the following section.  
 4.1 LA-ICP-MS U-Pb Age Data of Zircon Using Different Mineral Separation 
Procedures 
 
 Figure 14 shows three zircon U-Pb probability density plots for zircon fractions from a 
sample of the Dad Member of the Lewis Shale (GR-09-19). Zircon from one fraction of Dad 
Member was obtained using exclusively Bromoform heavy liquid separation methods (GR-09-
19A; Figure 14). Zircon from another fraction of Dad Member was separated at a Frantz setting 
of 0.7 A at 10o (GR-09-19B; Figure 14). Zircon from a third fraction from GR-09-19 was 
separated at a Frantz setting of 1.8 A at 5o (GR-09-19C; Figure 14), which is the setting used in 
standard mineral separation methods for zircon. 
 All samples show significant U-Pb age populations at 70-80 Ma, 92-98 Ma, 400-500 Ma, 
1000-1100 Ma, 1400-1550 Ma, and ~1700 Ma. However, sample GR-09-19A that was separated 
using only Bromoform also contained U-Pb age peaks at 600-700 Ma and 2200-2400 Ma, which 
were not detected in samples that were magnetically separated using the Frantz (GR-09-19B and 
GR-09-19C). A U-Pb age peak at ~2715-2775 Ma was detected in GR-09-19A and GR-09-19B, 
but not in sample GR-09-19C (Figure 14).   
4.2 LA-ICP-MS U-Pb Age Data of Rutile Using Different Mineral Separation Procedures 
 
 Samples from the Almond Formation (GR-09-14) and the Dad Member of the Lewis 
shale (GR-09-19) from the Greater Green River Basin, Wyoming were used to detect potential 
variations in U-Pb age spectra of rutile due to the use of the Frantz Isodynamic magnetic 
separator. Each sample was representatively split in half in preparation for two different mineral 
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separation procedures (GR-09-14A and GR-09-14B; GR-09-19A and GR-09-19B). One aliquot 
from the Dad Member (GR-09-19A) and one aliquot from the Almond Formation (GR-09-14A) 
were separated using only Bromoform heavy liquid. One aliquot from the Dad Member (GR-09-
19B) and one aliquot from the Almond Formation (GR-09-14B) were separated using standard 
mineral separation procedures including Frantz magnetic separation to 1.8 A at 5o. The resulting 
sample fractions from these different separation procedures were mounted in epoxy and LA-ICP-
MS U-Pb dating of the containing rutile was performed. 
All four sample aliquots described above contain significant age populations at ~400-600 
Ma and ~1600-2000 Ma (Figure 15.1-15.4). The most significant difference between the aliquots 
treated with the different separation methods is the amount of discordant analyses in the U-Pb 
age data. LA-ICP-MS U-Pb analyses of rutile that was non-magnetic at a Frantz setting of 1.8A 
and 5° contained a higher percentage of concordant U-Pb age data (GR-09-14B, Figure 15.2; 
GR-09-19B, Figure 15.4) than the rutile from the aliquots not magnetically separated (GR-09-
14A, Figure 15.1; GR-09-19A, Figure 15.3).  
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Chapter 5. Results for Sedimentary Rocks from the Greater Green River Basin, Wyoming  
 
5.1 QEMSCAN® Data 
 
 The mineralogical data collected using the QEMSCAN® are assessed in volume percent 
(vol. %) diagrams (Figure 16). All minerals with a vol. % <1 in all samples were not plotted 
because they were judged to be not quantitatively significant. Since heavy minerals are used in 
this study to mark relevant changes in mineralogy between samples, quartz was also removed 
from the original dataset. After the data were thus filtered for low vol. % minerals and quartz, the 
mineralogical data was normalized to 100%, plotted with Excel! (Figure 16.1-4) and listed in 
stratigraphic order from youngest to oldest.  
 Samples from the Greater Green River Basin have notable variations in the vol. % of 
pyrite, barite, and TiO2 minerals (Figure 16.1-4). The Fox Hills Sandstone (GR-09-05) is the 
highest stratigraphic unit sampled and contains the largest amount of pyrite with 2.9 vol. % 
(Figure 16.1). Underlying the Fox Hills Sandstone are the Dad Member (GR-09-19; Figure 16.2) 
and the Almond Formation (GR-09-14; Figure 16.3). Pyrite was not detected in either of these 
samples. The Pine Ridge Sandstone (GR-09-09) is the lowest stratigraphic unit sampled and 
contains just 0.5 vol. % of pyrite (Figure 16.4). 
 There is a large variation in the vol. % of TiO2 minerals measured across all analyzed 
samples. The Fox Hills Sandstone (GR-09-05) contains 8 vol. % of TiO2 minerals (Figure 16.1). 
The underlying Dad Member (GR-09-19) contains ~1 vol. %, which is the lowest vol. % of TiO2 
minerals measured between all samples (Figure 16.2). Stratigraphically below the Dad Member, 
the Almond Formation sample (GR-09-14; Figure 16.3) and the Pine Ridge Sandstone sample 
(GR-09-09; Figure 16.4) have the highest vol. % of TiO2 minerals, with ~9 vol. % for the former 
and ~29 vol.% for the latter.  
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 5.2 LA-ICP-MS U-Pb Age Data of Zircon  
 
 Age probability diagrams and U-Pb concordia diagrams of LA-ICP-MS analyses of 
zircon from samples collected in the GGRB can be found in Figure 17. Samples are listed in 
stratigraphic order with the youngest samples at the top and oldest at the bottom. When 
constructing age probability diagrams, Pb206/U238 dates were used for LA-ICP-MS analyses that 
are <800 Ma and Pb207/Pb206 dates for LA-ICP-MS analyses that are >800 Ma. U-Pb LA-ICP-MS 
analyses that are >15% discordant were not used for the age probability diagrams. However, all 
U-Pb LA-ICP-MS analyses were included in the U-Pb concordia diagrams.  
U-Pb LA-ICP-MS analyses of zircon from samples collected in the GGRB show three 
significant concordant age populations in all samples (Figure 17). The oldest major concordant 
U-Pb age population includes a Paleoproterozoic group with a concordant age range of ~1600-
1800 Ma. The second oldest major population has a concordant age range of ~400-700 Ma. The 
youngest population has a concordant age range of 70-120 Ma and constitutes the largest 
population in the age-probability diagrams. U-Pb age data of zircon from these sedimentary 
rocks show minor or less abundant populations with age ranges of ~1000-1200 Ma and ~1400-
1450 Ma. A population at 340-370 Ma is present in the Fox Hills sandstone (GR-09-05), Almond 
Formation (GR-09-14), and the Pine Ridge Sandstone (GR-09-09) samples. A significant age 
population at 2650-2700 Ma is present in the Pine Ridge sandstone sample (GR-09-09) and the 
Dad Member of the Lewis Shale (GR-09-19). The LA-ICP-MS U-Pb age data of zircon from the 
Greater Green River Basin, Wyoming are listed in appendix C (Table A-1-4). 
5.3 LA-ICP-MS U-Pb Age Data of Rutile  
LA-ICP-MS U-Pb data for rutile from the GGRB sediments produced a large amount of 
discordant data (Figure 18.1-4). However, there are two significant U-Pb age populations that are 
45 
 
>85% concordant. All samples showed significant concordant U-Pb age populations at ~100 Ma, 
and 400-600 Ma. Rutile from the Fox Hills Sandstone (GR-09-05; Figure 18.1), Dad Member 
(GR-09-19; Figure 18.2), and the Almond Formation (GR-09-14) have U-Pb age populations at 
1600-1800 Ma (Figure 18.3). Rutile from the Dad Member (GR-09-19) contains a significant age 
population at 1800-2200 Ma (Figure 18.4). The LA-ICP-MS U-Pb age data of rutile from the 
GGRB are listed in appendix D (Table B-1-4). 
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Chapter 6. Results for Sedimentary Rocks from the Book Cliffs, Utah 
 6.1 QEMSCAN® Data 
 
 The mineralogical data collected using the QEMSCAN® are plotted in vol. % diagrams. 
Minerals with <1 vol. % abundance in all samples were not plotted. Since heavy minerals are 
used in this study to assess relevant mineralogical changes between samples, quartz was also 
removed from the original dataset. After these filters were applied, the data were renormalized to 
100% and plotted with Excel! (Figure 19.1-10). QEMSCAN® analyses of samples from the 
Book Cliffs, Utah, are described below in stratigraphic order from oldest to youngest (Figure 
19.1-10).  
Samples from the Book Cliffs have notable variations in the vol. % of pyrite, barite, 
apatite, ilmenite, and TiO2 minerals (Figure 19.1-10). The deltaic sample of the LST from the 
Panther Tongue of the Star Point Formation (11-PTH-09; Figure 19.1) contains 3.4 vol. % of 
barite, whereas a sample from a transgressive lag deposit of the Panther Tongue LST (10-PTH-
01; Figure 19.2) contains 0.1 vol. % of barite. Both samples (11-PTH-09; Figure 19.1)(10-PTH-
01; Figure 19.2) from the Panther Tongue show remarkably similar vol. % of zircon and TiO2 
polymorphs. The deltaic sample (11-PTH-09; Figure 19.1) has 16.9 vol. % of TiO2 polymorphs 
and the transgressive lag deposit (10-PTH-01; Figure 19.2) has 17.5 vol. % of TiO2 polymorphs. 
The deltaic sample (11-PTH-09; Figure 19.1) has 32.5% vol. of zircon and the transgressive lag 
deposit (10-PTH-01; Figure 19.2) has 39.3% vol. of zircon.  
The two HST samples from the Spring Canyon Member show heavy mineral differences, 
with a higher amount barite and a lower amount of TiO2 polymorphs in the transgressive lag 
deposit of the Spring Canyon Member (11-SPC-01; Figure 19.3) relative to the shoreface 
sandstone of the Spring Canyon Member (11-SPC-05; Figure 19.4). The transgressive lag 
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deposit of the Spring Canyon Member (11-SPC-01; Figure 19.3) has a high amount of barite at 
13.7 vol. %, whereas the shoreface sandstone of the Spring Canyon (11-SPC-05; Figure 19.4) 
has only 3.5 vol. %. The shoreface sandstone of the Spring Canyon (11-SPC-05; Figure 19.4) has 
a higher amount of TiO2 polymorphs at 37.1 vol. % compared to the transgressive lag deposit 
(11-SPC-01; Figure 19.3) with 19.5 vol. %. Both samples have a similar abundance of ilmenite 
with 3.4 vol. % for the transgressive lag deposit (Figure 19.3) and 2.5 vol. % for the shoreface 
sandstone (Figure 19.4).  
Comparing the LST of the Aberdeen Member (11-AB-LST; Figure 19.5) to the shoreface 
sandstone HST of the Spring Canyon Member (11-SPC-05; Figure 19.6) shows notable 
variations in the vol. % of barite, pyrite, ilmenite, and TiO2 polymorphs. The LST of the 
Aberdeen Member (11-AB-LST; Figure 19.5) has 7.3 vol. % of pyrite, whereas the HST of the 
Spring Canyon Member has only 0.2 vol. % (11-SPC-05; Figure 19.6). The HST of the Spring 
Canyon Member (11-SPC-05; Figure 19.6) contains 2.5 vol. % of ilmenite, 3.5 vol. % of barite 
and 37.1 vol. % of TiO2 minerals whereas the LST of the Aberdeen Member contains 0.4 vol. % 
ilmenite, no barite and 22.3 vol. % TiO2 minerals (Figure 19.6).  
LST (11-BH-06) and HST (11-TUS3C-2-17) of the Desert Member of the Blackhawk 
Formation contain similar abundances of TiO2 polymorphs, ilmenite, and apatite, (Figure 19.7), 
but the LST (11-BH-06) has a relatively high pyrite signal of 4.7 vol. %. (Figure 19.7), whereas 
the HST (11-TUS3C-2-17) has only 0.1 vol. % pyrite (Figure 19.8). The incised valley fill 
sample (11-TUS3C-22.3-22.4) of the Castlegate Sandstone contains high amounts of TiO2 
polymorphs (18.9 vol. %) and barite (18.7 vol. %; Figure 19.10) relative to the other incised 
valley fill sample (11-CSTG-07; Figure 19.9) with no barite and 11 vol. % TiO2 minerals. Illite, 
kaolinite, chlorite, calcite, and dolomite are not mentioned above because these minerals do not 
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show significant variation between samples or the vol. % measured is too low to be significant or 
reliable.  
6.2 LA-ICP-MS U-Pb Age Data of Zircon  
 Age probability diagrams and U-Pb concordia diagrams of LA-ICP-MS analyses of 
zircon from samples collected in the Book Cliffs, Utah are shown in Figures 20.1-5. Samples are 
listed in stratigraphic order from oldest to youngest. When constructing the age probability 
diagrams, Pb206/U238 dates were used for LA-ICP-MS analyses <800 Ma and Pb207/Pb206 dates 
were used for LA-ICP-MS analyses >800 Ma. U-Pb LA-ICP-MS analyses that were >15% 
discordant were not used for the age probability diagrams, but all U-Pb LA-ICP-MS analyses are 
included in the U-Pb concordia diagrams.  
 The oldest stratigraphic unit analyzed in this region is the LST of the Panther Tongue 
within the Star Point Formation. The samples (11-PTH-09 and 10-PTH-01) share significant age 
populations at approximately 95 Ma, 430 Ma, 1000 Ma, 1200 Ma, 1450 Ma and 1600 Ma 
(Figure 20.1). The deltaic sample of the Panther Tongue (11-PTH-09) has additional age 
populations at ~300 Ma, and 600 Ma, which are not present in sample from the transgressive lag 
deposit (10-PTH-01). The deltaic sample shows a higher number of grains at ~1750 Ma (n=~8) 
compared to the sample from the transgressive lag deposit (n=2), whereas the transgressive lag 
deposit sample has a more significant Late Archean age peak at ~2550 Ma (n=7) compared to the 
deltaic sample (n=1)(Figure 20.1).  
 Zircons from samples collected in the HST of the Spring Canyon Member show only 
minor differences in U-Pb age signature. Both the shoreface sandstone (11-SPC-05) and the 
transgressive lag deposit (11-SPC-01) have significant age populations at ~95- Ma, 370-420 Ma, 
590-615 Ma, 1000-1050 Ma, 1150 Ma, and 1700-1760 Ma (Figure 20.2). However, the 
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transgressive lag deposit (11-SPC-01) of the Spring Canyon has an additional minor age peak at 
~2100 Ma (n=~2) not present in the shoreface sandstone (11-SPC-05). The shoreface sandstone 
sample (11-SPC-05) has 2 grains with an age ~165 Ma not present in the transgressive lag 
deposit sample (11-SPC-01) (Figure 20.2).    
 Up-section, the shoreface sandstone HST sample of the Spring Canyon Member (11-
SPC-05) and the LST of the Aberdeen Member (11-AB-LST) share all age peaks, but diverge in 
the number of grains at each age peak (Figure 20.3). Both HST (11-SPC-05) and the LST (11-
AB-LST) samples contain U-Pb age populations U-Pb at ~90-95 Ma, 165 Ma, 400 Ma, 590-615 
Ma 1000-1060 Ma, 1100-1150 Ma, 1350 Ma, 1500 Ma, 1700-1750 Ma, and 2600 Ma. However, 
the proportion of grains analyzed at U-Pb age peaks of 400 Ma, 590-615 Ma, 1350 Ma, and 2600 
Ma differed. Compared to the HST sample, the LST sample contains more grains at 400 Ma (n=5 
vs. n=2), ~590-615 Ma (n=5 vs. n=1), ~1350 Ma (n=6 vs. n=1), and ~2600 Ma (n=3 vs. n=1) 
(Figure 20.3). 
 The HST (11-BH-06) and LST samples (11-TUS3C-2-17) of the Desert Member both 
have significant age populations at ~95-110 Ma, ~400-425 Ma, ~950 Ma, 1450 Ma, and 1700-
1750 Ma (Figure 20.4). Compared to the HST sample, the LST sample contains more grains at 
~270 Ma (n=4 vs. n=1) and 2550 Ma (n=5 vs. n=1). HST sample (11-BH-06) of the Desert 
Member has a significant age peak at ~660 Ma, which is not detected in the LST sample (11-
TUS3C-2-17; Figure 20.4).  
 The LST samples from the Castlegate Sandstone have significant age populations at ~80-
95 Ma, 1100 Ma, 1350 Ma, 1700 Ma, 2100 Ma and 2700 Ma (Figure 20.5). Age peaks at ~450 
Ma, 600 Ma, 750-800 Ma, 1200 Ma, and 1500 Ma are also present in both the LST (11-CSTG-
07, Incised valley fill; 11-TUS3C-22.3-22.4, Incised valley fill) samples. However, the 
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proportion of grains at these ages varies significantly despite similar total grain numbers (n=86 
vs. n=92). Sample 11-CSTG-07 contains n=3 at 450 Ma, n=4 at 600 Ma, n=2 at 750-800 Ma, 
n=7 at 1200 Ma, and n=11 at 1500 Ma. Sample 11-TUS3C-22.3-22.4 overall has a lower n at 
these age peaks with n=1 at 450 Ma, n=~1 at 600 Ma, n=~5 at 750-800 Ma, n=1 at 1200 Ma, and 
n=1 at 1500 Ma (Figure 20.5). Sample 11-CSTG-07 of the Castlegate sandstone contains a 
higher proportion of older zircons. The LA-ICP-MS U-Pb age data of zircon from the Book 
Cliffs, Utah can be reviewed in the tables found in appendix E. 
6.3 LA-ICP-MS U-Pb Age Data of Rutile 
 Samples that contain >117 rutile grains for U-Pb dating included the HST of the Spring 
Canyon Member, HST and LST of the Desert Member, and the LST of the Castlegate (Figure 
21.1-3). The HST of the Spring Canyon Member has concordant U-Pb age populations at ~300-
600 Ma, 1400 Ma, 1600-1800 Ma and 2600-2800 Ma (Figure 21.1). The HST and LST of the 
Desert Member share concordant U-Pb age populations at ~200 Ma, 400-600 Ma, 1600-1800, 
and 2000-2200 Ma (Figure 21.2). The LST samples of the Castlegate Sandstone has concordant 
U-Pb age populations at ~300-600 Ma, 1000-1200 Ma, 1400-1800, and 1800-2000 Ma (Figure 
21.3).  All samples have a large amount of U-Pb analyses that are more than 15% discordant. 
The LA-ICP-MS U-Pb age data of rutile from the Book Cliffs, UT can be reviewed in the tables 
found in appendix F. 
6.4 LA-ICP-MS Trace Element Determinations of Rutile  
 Concentrations of zirconium (Zr) and niobium (Nb) were analyzed in four samples from 
the Book Cliffs sample set: from the LST samples of the Castlegate Member (11-CSTG-07; 11-
TUS3C-22.3-22.4), the HST of the Desert Member (11-BH-06) and the LST of the Desert 
Member (11-TUS3C-2-17). All four samples analyzed showed similar relationships when 
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plotting Nb versus age, and Zr versus 206Pb/238U age (Figure 22.1-4). Rutiles with dates of ~400-
600 Ma have Zr concentrations ranging from 0 to 2000 ppm, with the majority of rutile of this 
age clustering at ~500 ppm. Rutile that are >600 Ma old consistently show Zr concentrations 
ranging between 100-750 ppm and do not show any significant clustering around a mean value.  
 Niobium versus age graphs show similar relationships to the Zr versus age graphs. Rutile 
with dates of 400-600 Ma show the most significant clustering of Nb concentrations. Most 
analyses in all samples have Nb concentrations ranging of ~1000-9000 ppm for rutile of the 400-
600 Ma age group. Rutile from the HST sample from the Desert Member had lower Nb 
concentrations at the age of ~500 Ma that ranged from 0-4000 ppm. Rutile older than 600 Ma 
has Nb concentrations ranging between 0-6000 ppm without significant clustering. The LA-ICP-
MS trace element data of rutile from the Book Cliffs, Utah are listed in tables E1-E4 in appendix 
G. 
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Discussion  
 
Chapter 7. Interpretation of Results from Greater Green River Basin, Wyoming Samples 
 
 7.1 The Potential Influence of Mineral Separation Procedures on Provenance Analyses 
 
 The results that highlight the effect standard mineral separation procedures have on 
provenance analyses using zircon and rutile is discussed in the following section. LA-ICP-MS U-
Pb analyses are used in this study to test the effect various mineral separation methods has on the 
resulting U-Pb age data.   
 According to Sircombe and Stern (2002), there is a correlation between magnetic 
susceptibility of zircon grains and discordance of U-Pb analyses. They concluded that the degree 
of discordance increases with the degree of magnetic susceptibility (Sircombe and Stern, 2002). 
However, in this study and shown in the test described above (Ch. 4.1, Figure 14), 4% of U-Pb 
analyses were >10% discordant for zircon minerals that were separated using only heavy liquids 
(GR-09-19A; Figure 14) whereas approximately 7% of U-Pb analyses were >10% discordant for 
zircon grains that were separated using a Frantz setting of 0.7 A and 5° (GR-09-19B; Figure 14) 
and approximately 2% of U-Pb analyses were >10% discordant for zircon grains separated using 
a Frantz setting of 1.8 A and 5° (GR-09-19C; Figure 14). Therefore, this study suggests that the 
Frantz magnetic separator has a negligible effect on the degree of discordance for U-Pb analyses 
of zircon.  
Results from this study indicate that separating zircon grains using the Frantz magnetic 
separator can alter the resulting U-Pb age spectrum, but not discordance. U-Pb analyses of the 
aliquot of sample GR-09-19A (Figure 14), separated using only heavy liquids (GR-09-19A) 
contained a significant age populations at ~2715-2775 Ma (n=4), which was not detected in the 
aliquots separated using the Frantz magnetic separator (GR-09-19B; GR-09-19C; Figure 14). 
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Aliquot GR-09-19A also contains a higher amount of grains at 600-700 Ma (n=3)(Figure 14) 
relative to the aliquot GR-09-19B (n=1) and GR-09-19C (n=1) (Figure 14). Due to this change in 
the proportion of zircon grains at these U-Pb age groups, it is interpreted that using the Frantz 
magnetic separator influences the age proportions of zircon grains analyzed. Since the Frantz 
magnetic separator has only a small effect on the degree of discordance and can alter the 
resulting U-Pb age signature, separating zircon based on magnetic susceptibility is interpreted as 
a superfluous mineral separation step for LA-ICP-MS analyses of zircon. However, it was found 
in this study that using the Frantz magnetic separator was necessary prior to U-Pb and trace 
element analyses of rutile.  
 Rutile from sample aliquots that were magnetically separated contained a higher number 
of concordant U-Pb analyses. Samples collected from the Almond Formation (GR-09-14) and 
the Dad Member of the Lewis shale (GR-09-19) from the GGRB were used to determine how the 
Frantz magnetic separator alters the resulting U-Pb age signature of rutile. Both GR-09-14 and 
GR-09-19 were split into two sample aliquots (GR-09-14A, GR-09-14B; GR-09-19A, GR-09-
19B). One aliquot from each sample was magnetically separated at a setting of 1.8 A and 5° 
(GR-09-14B and GR-09-19B) and one aliquot from each sample was not magnetically separated 
(GR-09-14A and GR-09-19A). Between 25 and 33% of U-Pb analyses were >15% discordant in 
the aliquots separated using only heavy liquids (GR-09-14A, Figure 15.1; GR-09-19A; Figure 
15.3). Only 14-17% of U-Pb analyses were >15% discordant in aliquots separated using a Frantz 
setting of 1.8 A and 5° (GR-09-14B, Figure 15.2; GR-09-19B, Figure 15.4).  
There are several possible reasons for rutile U-Pb analyses to be discordant. As 
mentioned above in the section 3.2 that reviews the mineral separation techniques, anatase, 
brookite, and rutile are TiO2 polymorphs that are chemically identically and cannot be 
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distinguished from one another by SEM or EDAX (Triebold et al., 2011). According to Triebold 
(2012), anatase and brookite have systematically different trace element compositions to that of 
rutile. Anatase and brookite contain very low concentrations of U and proportionally high 
concentrations of Pb, which makes them difficult to date using U-Pb geochronology (Zack, 
2004; Triebold et al., 2011). Therefore, it is possible that the mineral grains that resulted in U-Pb 
analyses that were >15% discordant and/or have nominal dates >4.5 Ga are actually anatase or 
brookite.  
Partial Pb-loss during a low-grade metamorphic event can result in discordant U-Pb 
analyses of rutile (Mezger et al., 1989; Möller et al., 1995; Kooijman et al., 2010). Mezger 
(1989) states that partial homogenization of isotopes during a heating event of isotopes can occur 
if temperatures do not exceed 430°C, which would result in discordant U-Pb analyses. Also, 
during slow cooling Pb diffusion can occur resulting in discordant U-Pb analyses (Blackburn et 
al., 2011) Lastly, rutile grains can become contaminated by Pb during breakdown reactions 
associated with diagenetic processes and alteration (Zack et al., 2004). During these processes Pb 
may contaminate rutile grains and therefore result in highly discordant U-Pb analyses. It is 
common for Fe-oxides and/or hydroxides to contaminate rutile grains during diagenesis and 
alteration (Zack et al., 2004). Therefore, only the least magnetic rutile fractions were used for 
analyses in this study. U-Pb analyses in this study show that rutile that was magnetically 
separated using the Frantz Magnetic separator resulted in ~9-15% more U-Pb analyses that were 
<15% discordant (Figure 15.1-4).  
 7.2 Interpretation of QEMSCAN® Data of Sedimentary Rocks from the Greater Green 
River Basin, Wyoming 
 
 As stated by Morton and Hallsworth (1994) the abundances of heavy minerals can 
provide a valuable insight in to the characteristics of a source rock. The abundance of heavy 
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minerals in sedimentary units is heavily influenced by processes associated with sediment 
transport, deposition, and diagenesis (Morton and Hallsworth, 1994). However, certain 
mechanically and chemically stable heavy minerals survive these geologic processes without 
significant modification and are particularly suited for provenance investigations (Morton and 
Hallsworth, 1994). Minerals such as the TiO2 polymorphs, pyrite, zircon, and apatite are 
relatively unaffected by destructive processes associated with the sedimentary cycle (Morton and 
Hallsworth, 1994). However, pyrite should be used with caution because it is possible that it can 
be authigenic, it may crystallize during or after deposition of these sedimentary units (Love et al., 
1983; Qing, 1981). The heavy minerals used in this study include pyrite and TiO2 polymorphs 
such as rutile, brookite and anatase. The presence of pyrite in the Fox Hills Sandstone potentially 
marks the input of pyrite into the basin from a source area that did not contribute to the 
deposition of the underlying Dad Member (Figure 1 and Figure 16.1-2). Pyrite extracted from the 
Fox Hills sandstone was examined using QEMSCAN® and optical microscopy and based on the 
mineral euhedral shape of the pyrite grains it is interpreted not to be authigenic.  
 Variations in the modal percentage of TiO2 polymorphs potentially represent fluctuations 
in the source of sediment during the deposition of the sedimentary units of the GGRB. The TiO2 
polymorphs rutile, anatase, and brookite are common accessory minerals in metamorphic and 
igneous rocks (Force, 1980; Tropper & Manning 2008). The Dad member of the Lewis shale 
contains the lowest volume percent of TiO2 minerals with 2.2 vol % (Figure 16.2). The sample 
from the Pine Ridge Sandstone, deposited earlier at ca. 72 Ma (Pyles and Slatt, 2000; Figure 1) 
on the other hand contains the highest abundance of rutile at 32.0 vol %, which represents the 
strongest influence of rutile-bearing source rocks in the sampled sequences (Figure 16.4). 
Therefore, I conclude that there was a transition to source rocks with relatively low abundances 
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of rutile during the deposition of the Dad Member at 69.9-70.4 Ma, which is accordance with the 
interpretation of Pyles and Slatt (2000).  
 7.3 Interpretation of LA-ICP-MS U-Pb Results for Zircon from the Greater Green River 
Basin, Wyoming 
 
 The LA-ICP-MS U-Pb data of zircon from the Greater Green River Basin samples shows 
three significant age populations that potentially represent three different sediment source areas. 
A ~1600-1800 Ma Paleoproterozoic group is interpreted to represent sediment sourced from the 
Yavapai-Mazatzal terrane, which has extensive exposures in the western Sevier Orogenic belt in 
the late Cretaceous (Figure 4 and 7; Dickinson and Gehrels, 2009; Whitmeyer and Karlstrom, 
2007; Blakey, 2008). The second significant age population has an age range of ~400-700 Ma, 
which can be interpreted as a detrital component from the Appalachian orogen in the southeast 
(Figure 4, Dickinson and Gehrels, 2009). The most abundant U-Pb age population in all analyzed 
samples is at ~70-120 Ma and is interpreted as first cycle detrital input from the Sevier Orogenic 
belt. Though it cannot be ruled out, it is assumed that there is not enough lag time for zircon of 
the youngest age to be significantly recycled and re-deposited into the basin. It is possible and 
likely that the older zircon where recycled from previously deposited sediment and redeposited 
in the KWIS.  
U-Pb data of zircon in the samples from the GGRB also shows a less significant U-Pb 
age population at 1000-1200 Ma, interpreted to represent sediment from either the Grenville 
orogenic belt or the Llano Province (Figure 4; Dickinson and Gehrels, 2009; Whitmeyer and 
Karlstrom, 2007). Due the large geographical distance between the KWIS and the Grenville 
Orogenic belt, there would need to be a very large drainage system that transported sediment 
directly into the basin from the northeast. Another possibility would be that the sediment derived 
from this terrane could have been repeatedly recycled until finally deposited in the KWIS. 
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However, paleocurrent measurements conducted in the sedimentary units of the GGRB do not 
show any significant trend of sediment transport from the northeast (Pyles and Slatt, 2007). Also, 
CL images of the zircon grains of this age do not exhibit a more rounded grain shape or size 
difference relative to other imaged zircons (CL images, Appendix. A). The other potential source 
regions would be closer, may easier explain the lack of additional rounding, and require drainage 
and transport from the south or southwest. Pyles and Slaat paleocurrent measurements support a 
south to south-south west drainage pattern and transport direction (Pyles and Slatt, 2007). 
 The oldest U-Pb population at ~2700 Ma first appears in the Dad member of the Lewis 
Shale and is interpreted to represent sediment sourced from the Superior Province or the 
Wyoming-Hearne-Rae terrane in the north, or the immediately adjacent Wind River Uplift, 
Granite Mts. or Sierra Madre. This U-Pb population at ~2700 Ma was not detected in the 
underlying Almond formation or the overlying Fox Hills sandstone. Therefore, this U-Pb 
population represents a shift in the source of sediment or sediment transport during the 
deposition of the Dad member of the Lewis shale at 69.9-70.4 Ma (Pyles and Slatt 2007; Figure 
1). This interpretation is supported by paleocurrent measurements that show a north to south 
trend of sediment transport (Figure 10; Pyles and Slatt, 2007) with an area of high elevation in 
modern-day Wind River Range.  
 7.4 Interpretation of LA-ICP-MS U-Pb Analyses of Rutile from Greater Green River 
Basin, Wyoming 
 
 Rutile is a mechanically robust mineral that can be used a geochronometer, which 
provides insight in to the cooling history of metamorphic terranes (e.g. Kooijman et al., 2010; 
Mezger et al., 1989; Möller et al., 1995; Möller et al., 2000; Zack et al., 2004). Since rutile is not 
stable at greenschist facies conditions and its closure temperature for Pb (Tc) has been 
determined empirically at 430-550° C, U-Pb analyses provide valuable information about the 
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cooling through greenschist facies conditions after the last higher grade metamorphic cycle (e.g. 
Kooijman et al., 2010; Mezger et al., 1989; Möller et al., 1995; Möller et al., 2000; Zack et al., 
2004). U-Pb analyses of rutile from the samples collected in the Greater Green River Basin 
contain three significant Tc age populations that are consistent with the zircon U-Pb analyses. 
However, a detailed interpretation is hampered by the large analytical errors and the high amount 
of discordant data. Within the admittedly unsatisfactory precision of the U-Pb data obtained on 
rutile age populations from this study it can be assumed that there are only small differences 
between the rutile U-Pb Tc age and zircon U-Pb crystallization age. The rutile Tc age populations 
are used here to support interpretations made using zircon U-Pb ages and further characterize the 
sources of sediment.  
Significant rutile Tc age populations at ~1600-1800 Ma, ~400-600 Ma, and ~100 Ma 
were detected in all samples collected from the GGRB. The oldest age population consists of an 
~1600-1800 Ma Paleoproterozoic group interpreted as sediment sourced from the Yavapai-
Mazatzal terrane (Figure 4). The second group has an age range of ~400-600 Ma interpreted as 
sediment sourced from the Appalachian orogen (Figure 4; Dickinson and Gehrels, 2009; 
Whitmeyer and Karlstrom, 2007) or potentially from the Amarill-Wichita block or Yucatan-
Campeche and Suwanee terranes, in the south and southeast (Figure 4). The third U-Pb age 
population at ~100 Ma is interpreted as a first cycle input of sediment sourced from the Sevier 
Orogenic belt (Figure 4; Dickinson and Gehrels, 2009). The Dad member of the Lewis Shale 
contains an age population at ~1800-2200 Ma not detected in other analyzed samples from the 
GGRB. This age population chronologically overlaps with the Trans-Hudson terrane, which 
occupied the northern extent of the North American craton in the late Cretaceous (Figure 4; 
Dickinson and Gehrels, 2009; Whitmeyer and Karlstrom, 2007). The detection of this age 
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population at ~1800-2200 Ma further supports a change in the source of sediment or in sediment 
transport during the deposition of the Dad member of the Lewis. 
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Chapter 8. Interpretation of Results from the Book Cliffs, Utah 
 
 8.1 Interpretation of QEMSCAN® Data of Sedimentary Rocks from the Book Cliffs, Utah 
 
 The results of QEMSCAN® analyses of heavy mineral separates from the Book Cliff can 
are described in chapter 5.1 and shown in figures 19.1-10. The results of QEMSCAN® heavy 
mineral analyses of samples from the Book Cliffs, Utah are discussed below starting with the 
oldest stratigraphic units (Figure 19.1-10). These QEMSCAN® analyses were acquired to detect 
the control sequence stratigraphic system tracts and the environment of deposition has on the 
percentage of heavy minerals in the studied samples.  
There are notable differences in the vol. % of pyrite and TiO2 polymorphs when 
comparing QEMSCAN® analyses from different sequence stratigraphic system tracts within the 
units sampled at the Book Cliffs, Utah. The shoreface sandstone from the HST of the Spring 
Canyon Member (11-SPC-05; Figure 19.4) of the Blackhawk Formation has 37.1 vol. % of TiO2 
minerals compared to 19.5 vol. % measured in the transgressive lag deposit of the Spring 
Canyon Member (11-SPC-01; Figure 19.3). This study proposes that there are two geological 
reasons for the variation in vol. % of TiO2 polymorphs between these samples (11-SPC-05 and 
11-SPC-01). During the deposition of the transgressive lag deposit, fine-grained material can be 
preferentially winnowed away from the deposited sediment (Hwang and Heller, 2002), resulting 
in a deposited sedimentary unit that consists of a greater percentage of coarse-grained material 
(Hwang and Heller, 2002). Erosion of fine-grained material from the deposited sediment could 
include TiO2 minerals if they are mostly fine-grained. The other possibility is that there could 
have been a change in drainage patterns in the KWIS during the deposition of the shoreface 
sandstone of the Spring Canyon Member. In this case, the change in drainage patterns during the 
deposition of the shoreface sandstone of the Spring Canyon Member (11-SPC-05) would have 
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resulted in a switch to a sediment source that contained a relatively higher amount of TiO2 
minerals. A change in sediment source area may be accompanied by a change in the age of the 
detrital minerals (zircon as well as rutile), which could be detected in the U-Pb age spectra 
discussed below (Ch. 8.2 and 8.3).  
 The LST of the Desert Member (11-TUS3C-2-17) and the LST of the Aberdeen Member 
(11-AB-LST) contain higher amounts of pyrite relative to the respective HST samples (11-BH-
06; 11-SPC-05). The LST sample from the Desert Member (11-TUS3C-2-17; Figure 19.8) 
contains 4.7 vol. % of pyrite compared to 0.1 vol. % in the HST sample (11-BH-06; Figure 
19.7). The LST of the Aberdeen Member (11-AB-LST; Figure 19.5) contains 7.3 vol. % of pyrite 
compared to 0.2 vol. % in the HST of the Spring Canyon Member (11-SPC-05; Figure 19.6). As 
stated in the previous paragraph, a change in drainage patterns in the KWIS during the deposition 
of the LST of these units could alter the location of the sediment source. It is also possible that 
during the LST, drainage patterns could have been different in such a way that they would 
facilitate better preservation of the sourced sediment resulting in higher vol. % of these indicator 
minerals to be deposited.  
 8.2 Interpretation of LA-ICP-MS U-Pb Results for Zircon from the Book Cliffs, Utah.  
 
 All sedimentary rock samples from the Book Cliffs, Utah have significant U-Pb age 
populations of zircon at 90-100 Ma, 400-600 Ma, 1000-1200 Ma, 1400 Ma, and 1600-1800 Ma 
(Figure 20.1-5). The U-Pb age population at 90-100 Ma is interpreted as a first cycle sediment 
input sourced from the Sevier Orogenic belt in the west (Figure 20.1-5). The 400-600 Ma 
population is interpreted as sediment sourced from the Appalachian orogen or further outboard 
terranes in the south or southeast (Figure 4 and 20.1-5; Dickinson and Gehrels, 2009; Whitmeyer 
and Karlstrom, 2007). The population with an U-Pb age range of 1000-1200 Ma is the most 
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significant age population and represents sediment sourced either from the Grenville terrane in 
the east or the Llano Province (Figure 20.1-5; Dickinson and Gehrels, 2009). As stated above for 
the Greater Green River Basin samples, the large geographical distance between the KWIS and 
the Grenville Orogenic belt would make a very large drainage system necessary to transport 
sediment directly into the basin from the northeast. Another possibility would be that the 
sediment derived from this terrane could have been repeatedly recycled until finally deposited in 
the KWIS. The age population at ~1400 Ma potentially represents the mid-continent terrane from 
the landmass to the east of the KWIS (Figure 4, 7, and 20.1-5; Dickinson and Gehrels, 2009; 
Blakey 2008). Lastly, there is a significant ~1600-1800 Ma Paleoproterozoic group, which 
represents sediment sourced from the Yavapai-Mazatzal terrane (Figure 4 and 20.1-5; Dickinson 
and Gehrels, 2009).  
The deltaic sandstone sample (11-PTH-09; Figure 20.1) of the Panther Tongue contains a 
significant U-Pb population at ~250-300 Ma not detected in the transgressive lag deposit (11-
PTH-01; Figure 20.2). The shoreface sandstone (11-SPC-05) of the Spring Canyon Member also 
contains additional minor age peaks not detected in the transgressive lag deposit (10-PTH-01; 
Figure 20.2). The shoreface sandstone sample (11-SPC-05) has 2 grains with an age ~165 Ma 
not present in transgressive lag deposit sample (11-SPC-01) (Figure 20.2). 
The transgressive lag deposits from the Panther Tongue (11-PTH-01) and the Spring 
Canyon Member (10-SPC-01) contain a higher amount of coarse sediment and heavy minerals 
relative to the deltaic sandstone and shoreface sandstone samples (11-PTH-09; 11-SPC-05). It is 
expected that the transgressive lag deposit would be coarser than the deltaic sandstone because 
during the deposition of the transgressive lag deposit the fine grained material commonly erodes 
away leaving only the coarse grained material (Hwang and Heller, 2002). If the deposited zircons 
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with a U-Pb age of ~250-300 Ma (Panther Tongue) and ~165 Ma (Spring Canyon) were fine 
grained they could have been winnowed away during post-depositional processes associated with 
the transgressive lag deposit and thus removed from detrital minerals. This would lead to a 
different representation of the U-Pb age signature relative to the originally deposited sediment.   
There are significant variations in U-Pb age signatures when comparing different system 
tracts. The LST of the Aberdeen Member (11-AB-LST) and the LST of the Desert Member (11-
TUS3C-2-17) contain a high proportion of grains at each significant U-Pb populations relative to 
the HST of these units. The LST sample from Aberdeen Member (11-AB-LST) contains more 
grains at 400 Ma (n=5 vs. n=2), ~590-615 Ma (n=5 vs. n=1), ~1350 Ma (n=6 vs. n=1), and 
~2600 Ma (n=3 vs. n=1) (Figure 20.3). The LST sample from the Desert Member contains more 
grains at ~270 Ma (n=4 vs. n=1) and 2550 Ma (n=5 vs. n=1). During lowstand conditions, 
drainage patterns could have been different in such a way that they would better preserve 
sediment of these ages.  It is also possible that sources of sediment that were once inundated 
during periods of highstand conditions could potentially become areas of high geographical relief 
during lowstand condition, thus being eroded and becoming a new source of sediment.  
Both incised valley fill samples (11-CSTG-07; 11-TUS3C-22.3-22.4) of the Castlegate 
Sandstone contain significant age populations at ~80-95 Ma, 1100 Ma, 1350 Ma, 1700 Ma, 2100 
Ma and 2700 Ma (Figure 20.5). Age peaks at ~450 Ma, 600 Ma, 750-800 Ma, 1200 Ma, and 
1500 Ma are also present in both LST samples. However, the proportion of grains at these ages 
varies significantly despite similar total grain numbers (n=86 vs. n=92). Therefore, there is 
significant variation in the U-Pb age signatures when samples from the same depositional facies.   
 8.3 Interpretation of LA-ICP-MS U-Pb Results of Rutile from Book Cliffs, Utah 
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 Only five out of the nine sedimentary samples collected from the Book Cliffs, Utah 
contained more than 117 non-magnetic rutile grains for U-Pb LA-ICP-MS analyses. These 
sedimentary units may contain only low amounts of non-magnetic rutile but more rutile with a 
higher magnetic susceptibility, which would have been removed during Frantz magnetic 
separation. As discussed above, rutile can become altered during breakdown reactions associated 
with diagenetic processes and alteration (Zack et al., 2004). During diagenesis and alteration it is 
common for Fe-oxides and/or hydroxides to be included in rutile grains (Zack et al., 2004). 
Therefore, these samples could contain rutile that experienced breakdown associated with 
diagenetic processes and alteration and would be excluded from the sample fraction to be 
analyzed by using the Frantz magnetic separator (Zack et al., 2004). It was observed in this study 
that a large amount of rutile in these samples is magnetic at a Frantz setting of 0.7 A and 5°. It is 
therefore proposed that the low rutile contents in the samples is due to ilmenite exsolution or 
diagenetic and alteration processes that made the rutile grains magnetic.  
 Samples that contained more than 117 grains of rutile and made them suitable for LA-
ICP-MS U-Pb analyses include the samples from the LST of the  (11-CSTG-07; 11-TUS3C-
22.3-22.4) of the Castlegate Sandstone (Figure 21.1), the HST (11-BH-06) and LST (11-TUS3C-
2-17) of the Desert Member (Fig, 21.2), and the transgressive lag deposit (11-SPC-01) of the 
Spring Canyon Member (Figure 21.3). When comparing different system tracts from the same 
unit, the rutile U-Pb age signatures are indistinguishable. Both samples from the LST of the 
Castlegate Sandstone (11-CSTG-07; 11-TUS3C-22.3-22.4) contain U-Pb populations with age 
ranges from 300-600 Ma, 1000-1200 Ma, 1400-1800 Ma, and 1800-2000 Ma (Figure 21.1). The 
U-Pb age group from 300-600 Ma is interpreted as sediment sourced from the Appalachian 
Orogen in the east (Figure 4; Dickinson and Gehrels, 2009). The 1000-1200 Ma age group is 
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interpreted as sediment being source from the Grenville terrane or Llano Uplift in east (Figure 4; 
Dickinson and Gehrels, 2009). Rutile with an age range of 1400-1800 Ma is interpreted as 
derived from the Yavapai-Mazatzal terrane and the Mid-Continent terrane and the 1800-2000 Ma 
age group represent sediment sourced from the Trans-Hudson terrane in the north (Figure 4; 
Dickinson and Gehrels, 2009). The HST (11-BH-06) and the LST (11-TUS3C-2-17) samples of 
the Desert Member also have these significant U-Pb age groups that represent the Appalachian 
orogen (300-600 Ma), the Yavapai-Mazatzal terrane (1600-1800 Ma), and the Trans-Hudson 
terrane (2000 Ma) (Figure 21.2). The transgressive lag deposit (11-SPC-01) of the Spring 
Canyon Member has age populations interpreted to be of Appalachian Orogen (300-600 Ma), 
and of Yavapai-Mazatzal terrane (1600-1800 Ma) origin (Figure 21.3). The transgressive lag 
deposit of Spring Canyon Member (11-SPC-01) has a significant U-Pb age population at 2600-
2800 Ma, interpreted as sediment sourced from the Superior province or the Wyoming-Hearne-
Rae province in the north (Figure 4 and 21.3) or the immediately adjacent Archean uplifts 
(Figure 10).  
 8.4 Interpretation of LA-ICP-MS Trace Element Determinations of Rutile from the Book 
Cliffs, Utah 
 
 Using the calibration equation of Watson (2006), the Zr concentration in rutile can be 
used to calculate the crystallization temperature or peak metamorphic temperature. The 
underlying rationale is that the incorporation of Zr into Rutile is a function of temperature in 
metamorphic assemblages that contain zircon, rutile and quartz in equilibrium (Zack et al., 
2004). In the absence of fluid influx during retrograde metamorphism, reequilibration of Zr 
content in rutile is negligible and thus the rutile crystallization temperature conditions are 
preserved (Zack et al., 2004; Kooijman et al., 2010).  Rutile also readily incorporates U, and 
incorporates minimal common Pb, which allows U-Pb dating.  
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Results of this study show that rutile with U-Pb cooling ages of 400-600 Ma had the most 
significant clustering of crystallization temperatures (Figure 23.1-4). The crystallization 
temperatures of this age population are 600-800oC for the detrital rutile sourced from the 
Appalachian Orogen. Rutile with U-Pb cooling ages >600 Ma showed little clustering of 
crystallization temperature and ranged between 400-900oC, which covers most of the 
temperature range in which rutile crystallizes in crustal rocks (Kooijman et al., 2010).  
The range of Zr concentration in rutile measured here is consistent with results from other 
studies that used rutile as a geothermometer. Koojiman et al. (2012) showed that whereas Zr 
concentrations within a single grain are relatively homogeneous, the Zr concentration between 
different grains from a single granulite facies rock sample may range between 200-4500 ppm 
(2012). Triebold et al. (2012) provides two explanations for the large range of Zr concentrations 
measured in rutile. It may either be caused by analyzing inherited rutile versus rutile that are 
newly grown, or it may be caused by analyzing rutile that grow at peak metamorphic conditions 
versus rutile that re-equilibrate during retrograde metamorphism (Triebold et al., 2012). 
Unfortunately, it is not possible to assess these different processes in detrital rutile. Therefore, it 
is not surprising that detrital rutile from a specific age populations show a significant range in Zr 
concentration and calculated crystallization temperatures. However, given that rutile is most 
commonly a metamorphic mineral derived from metamafic or metasedimentary rocks (Zack et 
al. 2004) above greenschist grade, an abundance of rutile within certain U-Pb age groups points 
towards a provenance from a terrane with abundant relative high-grade metamorphic rocks, 
whereas absence of rutile from a U-Pb age group may be interpreted as a lack of such rocks in 
the source area and a predominance of igneous rocks. 
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Conclusions  
 
Chapter 9. Conclusions for Sedimentary Rocks from the Greater Green River Basin, 
Wyoming  
 
 9.1 U-Pb LA-ICP-MS Results and the Implications for Mineral Separation Procedures 
for Provenance Investigations Using Zircon 
 
 This study concludes that the mineral separation method developed in this study results in 
a representative sample fraction to be analyzed and thus a more complete dataset of LA-ICP-MS 
U-Pb analyses (Figure 14). The mineral separation procedure developed in this study reduces 
bias in provenance analyses of zircon by only using crushing, milling, washing to remove dust 
and heavy liquids, without any water table separation, magnetic separation, or selection of grains 
under a binocular microscope.  
Removing relevant detrital minerals from a sample fraction to be analyzed for 
provenance investigations is also known as introducing bias (Sircombe and Stern, 2002). Using 
SiC and pure quartz sand it was shown that the water table separation technique removes a 
significant portion of fine grained material and is thus not a recommended means to concentrate 
heavy minerals when compared to the heavy liquids separation methods (Table 1). By using only 
heavy liquids and not using the Frantz Magnetic separator for the mineral separation procedure, 
relevant age populations were detected in U-Pb analyses of zircon that were not detected in U-Pb 
analyses of zircon that were magnetically separated (Figure 14). A QEMSCAN® was used to 
identify all minerals of concern, which eliminates potential bias introduced during hand selecting 
of zircon to be analyzed. Commonly, hand selecting mineral grains under an optical microscope 
relies on the user experience to positively identify relevant mineral grains and select a 
representative sample fraction to be analyzed. Detrital minerals can have a wide range of mineral 
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characteristics and are sometimes difficult to identify optically, making it very difficult to hand 
select a representative aliquot.  
Therefore, this study concludes that some mineral separation techniques introduce bias by 
fractionating zircon from the bulk material with regard to small grain sizes, grain shapes, density, 
and magnetic susceptibility. The standard mineral separation procedure has tendencies to bias 
towards zircon that have a size of are 100-200 µm, are relatively euhedral, and free of inclusions. 
Clastic sedimentary units commonly contain zircon that have all possible grain shapes, may be 
metamict, range in size between 30-200 µm and beyond, and may contain inclusions. Therefore, 
using standard mineral separation procedures has the potential to remove zircon that do not 
exhibit very specific mineralogical parameters. The removed zircons potentially represent 
significant populations within the U-Pb age signature.  
 9.2 U-Pb LA-ICP-MS Results and the Implications for Mineral Separation Procedures 
for Provenance Investigations Using Rutile  
 
  This study found that non-magnetic rutile separated using the Frantz magnetic separator 
produced significantly less discordant LA-ICP-MS U-Pb analyses than slightly magnetic rutile 
(GR-09-14; GR-09-19; Figure 15.1-4). Rutile grains separated using only heavy liquids 
contained 25-33% of U-Pb analyses that are >15% discordant (GR-09-14M; Figure 15.1)(GR-
09-19M; Figure 15.3), whereas 14-17% of U-Pb analyses are >15% discordant for rutile grains 
that are separated using a Frantz setting of 1.8 A and 5° (GR-09-14N; Figure 15.2)(GR-09-19N; 
Figure 15.4). The specific processes that result in a greater percentage of discordant analyses 
cannot be specifically discerned in this study. However, it can be assumed that it is related to 
partial Pb-loss within rutile, altered grains or analyzing TiO2 polymorphs other than rutile 
(Kooijman et al., 2010, 2012; Triebold et al., 2011, 2012; Zack et al., 2004). It is determined that 
using the Frantz magnetic separator results in a greater percentage of concordant U-Pb analyses. 
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Therefore, it is advantageous to use the Frantz magnetic separator for the separation of rutile 
from the sample fraction to be analyzed by the LA-ICP-MS. It is important to note that using this 
technique resulted in similar U-Pb age ranges of concordant results to be detected in the 
magnetic and non-magnetic fraction of the same sample which was not the case for zircon U-Pb 
analyses. The mineral separation procedures developed here should result in more 
comprehensive datasets for detrital provenance investigations and are recommended as best 
practice to minimize potential bias towards particular mineral fractions and thereby possibly age 
populations. 
 9.3 Provenance of the Sedimentary Rocks from the Greater Green River Basin, Wyoming  
 
 This study improves our understanding of the provenance of the Late Cretaceous 
sediments from the Greater Green River Basin, Wyoming using QEMSCAN® and LA-ICP-MS 
analyses. Detailed sequence stratigraphy and paleocurrent directions from previous studies 
suggest that there is a significant shift in the provenance of sediment recorded in the Dad 
Member of the Lewis shale (Miller et al., 1992; Pyles and Slatt, 2000, 2002, and 2007; Soy and 
Slatt, 2008). Pyles and Slatt (2000, 2002, and 2007) propose that this shift in sediment 
provenance is related to the first appearance of Laramide deformation in Wyoming during 
deposition of the Dad Member of the Lewis shale. These interpretations helped to target which 
units in the GGRG to sample and helped set the initial framework of hypotheses for this study 
The QEMSCAN® and U-Pb analyses results of this study support the hypothesis of such a 
change by detecting notable changes in the U-Pb age patterns of zircon and rutile as well as 
changes in the modal mineral percentages of the TiO2 polymorphs and pyrite in the Dad Member 
of the Lewis shale (GR-09-19, Figure 16.1-4; Figure 18). LA-ICP-MS U-Pb analyses of zircon 
show that there was a shift to a northern detrital source with an input of ~2700 Ma zircon during 
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the deposition of the Dad Member that is interpreted as being sourced from the Superior 
Province, Wyoming-Hearne-Rae terrane or Archean age outcrops in the immediate vicinity (GR-
09-19; Figure 17; Figure 4, Dickinson and Gehrels, 2009; Karlstrom & Whitmeyer, 2007; Figure 
10, Pyles & Slatt, 2000). LA-ICP-MS U-Pb analyses of rutile showed similar age populations as 
the zircon U-Pb age populations and further confirmed a northern derived source of sediment 
from the Superior Province or Wyoming-Hearne-Rae terrane (Figure 16.1-4; Figure 4, Dickinson 
and Gehrels, 2009) 
Provenance determination of sediment from the GGRB, Wyoming, is difficult due to the 
large geographical extent of the KWIS, axial parallel transport of sediment in the basin, multiple 
deformational events on the North American Craton, and non-unique U-Pb age ranges of zircon 
and rutile (Martinsen et al., 1993). While QEMSCAN® and U-Pb analyses support Pyles and 
Slatt (2000, 2002, 2007) proposal of a provenance shift in the Dad member, this study cannot 
confirm nor rule out whether this is related to Laramide orogenic deformation in Wyoming.   
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Chapter 10. Conclusions for the Sedimentary Rocks from the Book Cliffs, Utah  
 
10.1 Potential Controls of Sequence Stratigraphic System Tracts and the Resulting 
Environment of Deposition on Provenance Signals 
 
 Late Cretaceous sedimentary units of the Star Point Formation, Blackhawk Formation, 
and Castlegate Sandstone from the Book Cliffs, Utah contain U-Pb age populations that are 
interpreted as sediment sourced from the Sevier Orogenic belt in the west, the Appalachian 
orogen, the Grenville terrane or the Llano Province, the Mid-continent terrane, and the Yavapai-
Mazatzal terrane (Figure 4) (Whitmeyer and Karlstrom 2007; Dickinson and Gehrels, 2009). The 
Grenville terrane or the Llano Province material is the most significant age population 
represented in the Book Cliffs samples (Figure 20.1-5). Due the large geographical distance 
between the KWIS and the Grenville Orogenic belt, there would need to be a very large drainage 
system that transported sediment directly into the basin from the northeast. Another possibility 
would be that the sediment derived from this terrane could have been repeatedly recycled until 
finally deposited in the KWIS.  
There are notable differences in the vol. % of pyrite and TiO2 polymorphs when 
comparing QEMSCAN® analyses from different sequence stratigraphic system tracts within the 
units sampled at the Book Cliffs, Utah (Figure 19.1-10). QEMSCAN® analyses of samples from 
HST contained on average 17.3 vol. % more pyrite and TiO2 polymorphs than the transgressive 
lag deposits (Figure 19.1-4). QEMSCAN® analyses of samples from LST contained on average 
5.2 vol. % more pyrite and TiO2 polymorphs than the HST (Figure 19.5-10).  
LA-ICP-MS U-Pb analyses of zircon and rutile from these sedimentary rock units of the 
Book Cliffs, Utah, reveal quite large variations between differing sequence stratigraphic system 
tracts and depositional facies (Figure 20.1-5; Figure 21.1-3; Figure 22.1-4; 23.1-4). The deltaic 
sandstone sample (11-PTH-09) of the Panther Tongue contains significant U-Pb age populations 
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at 290 Ma, 600 Ma, and 1750 Ma, which were not detected in the transgressive lag deposit 
samples (10-PTH-01; Figure 20.1). LA-ICP-MS U-Pb analyses of detrital samples from 
shoreface sandstone of the Spring Canyon Member (11-SPC-05) contains significant U-Pb age 
populations at 170 Ma, and 1150 Ma not detected in the transgressive lag deposit (11-SPC-01; 
Figure 20.2). The LST of the Aberdeen Member (11-AB-LST) contains significant U-Pb age 
populations at 1350 Ma and 2580 Ma, which were not detected in the HST of the Spring Canyon 
member (11-SPC-05; Figure 20.3). U-Pb analyses of zircon from the LST of the Desert member 
(11-TUS3C-2-17) shows a similar trend and has significant U-Pb age populations at 275 Ma, 
1050 Ma, and 2550 Ma, which we not detected in the HST (11-BH-06), whereas the HST sample 
has an age population at ca. 670 Ma not found in the LST sample, and minor population peaks at 
ca. 960 and 1140 Ma (Figure 20.4). In the LST of Castlegate sandstone, there was significant 
variation in the U-Pb age spectrum when comparing the two different incised valley fill samples 
(11-CSTG-07; 11-TUS3C-22.3-22.4).  
This study shows that more different age groups and thus potentially more different 
detrital sources of sediment are detected in U-Pb analyses of samples from LST relative to the 
HST and transgressive lag deposits. This study proposes that there are potentially two geological 
reasons for this result. During the transgressive lag deposit, fine grained sediment can be eroded 
away resulting in a sedimentary unit that is grain size biased. This grain size bias could result in 
the removal of fine-grained sediment from a distal source area relative to the site of deposition or 
a source area that contains rocks that are aphanitic. Alternatively, drainage patterns during 
lowstand conditions could have been different in such a way that they would better preserve 
sediment of this age. It is also possible that sources of sediment that were once inundated during 
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periods of highstand conditions could potentially become areas of high geographical relief during 
lowstand condition, thus being eroded and becoming a new source of sediment.  
Overall, the data from the Book Cliffs samples show a large variation in mineral 
abundances and U-Pb age signatures when comparing depositional facies. The environment of 
deposition or the sequence stratigraphic system tract of a given sedimentary unit has the potential 
to yield different detrital provenance signatures. The data from the Book Cliffs samples also 
shows a large variation in mineral abundances and U-Pb age signatures when comparing samples 
from the same depositional facies. Therefore, choosing one sample to represent an entire 
formation potentially results in an incomplete dataset for provenance analyses. This study 
proposes that it is necessary to collect 2-3 samples throughout a formation for provenance 
investigations. Such a sampling scheme may result in more complete and representative datasets 
for detrital provenance analyses, but was beyond the scope of the study.  
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Figure 1.) Simplified stratigraphic cross section and sample numbers of Upper Cretaceous 
sedimentary units from the Greater Green River Basin, Wyoming. Modified from Obradovich 
(1993), Kauffman et al. (1993), and Pyles and Slatt (2000).   
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Figure 2.) Greater Green River Basin, Wyoming sample location map. Samples from the Fox 
Hills Sandstone, Almond Formation, and Pine Ridge Sandstone where collected from road cuts 
along I-80. The Dad Member of the Lewis shale was sampled from outcrops in the Stratton 
Ranch located northwest of Rawlins, Wyoming. Map modified from Pyles and Slatt, (2007).  
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Figure 3.)  Simplified stratigraphic cross section of Late Cretaceous Star Point Formation, 
Blackhawk Formation, and Castlegate Sandstone of the Book Cliffs, Utah. Cross section shows 
the sampled units and the sequence stratigraphic framework. There are numerous sequences in of 
Late Cretaceous Star Point Formation, Blackhawk Formation, and Castlegate Sandstone of the 
Book Cliffs, Utah.  The sequences relevant to this study are represented in the stratigraphic cross 
section. HST-High Stand System Tract, LST-Lowstand System Tract, and TST-Transgressive 
System Tract. Figure modified from North et. al, (2005). Sequence stratigraphic framework was 
gathered from Kamola and Huntoon, (1992), Kamola and Van Wagoner, (1995), Posamentier 
and Morris, (2000),!"#$!Van Wagoner, (1995). !
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Figure 4.) Simplified map of significant Precambrian terranes of North American. The terranes 
highlighted are potential source of sediment for the Pine Ridge Sandstone and Almond 
Formation of the Mesaverde Group, the Dad Member of the Lewis Shale, and the Fox Hills 
Sandstone in the Greater Green River Basin, Wyoming of the Greater Green River Basin, 
Wyoming and the Star Point Formation, Blackhawk Formation, and the Castlegate Sandstone of 
the Book Cliffs, Utah. Modified from Dickinson and Gehrels (2009).   
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Figure 5.) Simplified paleogeographic map of the supercontinent Rodinia. The assembly of 
Rodinia and subsequent continent-continent collision between Laurentia, Africa and South 
America created large-scale deformation along the margins of Laurentia and intrusions of mafic 
dikes in the north. The final stage in the assembly of Rodinia was marked by the accretion of the 
Grenville terrane along the eastern margin of Laurentia. The break up Rodinia at ~.78-.54 Ga, 
initiated with rifting along the western margin of Laurentia opening the paleo-Pacific Ocean 
(Whitmeyer and Karlstrom, 2007). Modified from Bogdanova et al., 2007. 
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Figure 6.) Simplified paleogeographic map of the supercontinent Pangaea. Assembly of Pangaea 
began in the Late Paleozoic with the docking of Gondwanaland with Laurasia. Disassembly of 
Pangaea initiated in the Late Jurassic with rifting between Africa and Laurentia. Map modified 
from Bogdanova and others (2007). 
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Figure 7.) Paleogeographic map of North America in the Late Cretaceous (75 Ma). The map 
shows the generalized locations of the Sevier Orogenic belt, the North American Cordillera, and 
Cretaceous Western Interior Seaway. Modified from Blakey (2008).  
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Figure 8.) Simplified map showing Laramide sedimentary basins and major Laramide thrust-
block uplifts. During the latest Cretaceous, thick-skinned Laramide deformation segmented the 
broad Sevier foreland basin forming localized sedimentary basins. The red rectangles highlight 
the areas of interest for this study. Map modified from Miller et al. (1992). 
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Figure 9.) Simplified regional tectonic map showing Laramide Orogenic uplifts in the southwest 
corner of Wyoming and adjacent states. The red rectangle represents the focus area for this study 
and the general area where samples were collected. Modified from Baars et al. (1988). 
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Figure 10.) Map of the Cretaceous Western Interior Seaway in Wyoming. The initiation of the 
Laramide Orogeny in Wyoming created an area of high elevation (in red) segmenting the once 
broad foreland basin. This created localized sedimentation patterns in the Greater Green River 
Basin, Wyoming.  Modified from Pyles and Slatt (2007). 
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Figure 11.)  Stratigraphic cross section of the Fox Hills Sandstone, Lewis Shale, Dad Member of 
the Lewis Shale, and Almond Formation. These Late cretaceous sedimentary units were 
deposited as a southward prorating clastic wedge in the Greater Green River Basin, Wyoming. 
Modified from Pyles and Slatt (2007).  
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Figure 12.) Digital elevation map of Wyoming, showing the Greater Green River Basin and the 
three associated sub-basins. The field area for this study is located east of Rawlins, Wyoming in 
the Great Divide and Washakie sub-basins of the Greater Green River Basin. Modified from 
Sterner (1995).  
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Figure 13.) Simplified map of the study area in the Book Cliffs, Utah. Solid red boxes show the 
canyons where samples were acquired for this study. Modified from Van Wagoner (1995).  
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Figure 14.) LA-ICP-MS U-Pb concordia diagrams and probability density/histogram plots of 
zircon from the Dad Member of the Lewis Shale. Plots show the resulting U-Pb age signature 
using mineral different separation procedures. Probability density plots and U-Pb concordia 
diagrams were constructed in Isoplot!/Ex. The Concordia diagrams include all U-Pb analyses 
and the probability density plots show all analyses that are <15% discordant. The number of 
grains (n) represents the number of analyses. LA-ICP-MS U-Pb isotope data of zircon can be 
found in Appendix C. 
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Figure 15.1-4) U-Pb concordia diagrams for LA-ICP-MS analyses of detrital rutile from samples 
collected in the Greater Green River Basin, Wyoming. Figure 16.1 contains U-Pb age data of 
rutile that was not separated using the Frantz Isodynamic separator. Figure 16.2 contains U-Pb 
age data of rutile from the non-magnetic fraction at a Frantz setting of 1.8A at 5°. Figure 16.3 
contains U-Pb age data of rutile that was not separated based on magnetic susceptibility. Figure 
16.4 contains U-Pb age data of rutile from the non-magnetic fraction at a Frantz setting of 1.8A 
at 5°. U-Pb concordia diagrams were constructed in Iolite!. The number of grains (n) represents 
the number of analyses. LA-ICP-MS U-Pb isotope data of rutile can be found in Appendix D. 
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Figure 16.1-4: QEMSCAN analyses of Bromoform heavy minerals (>2.85 g/cm3) for 
sedimentary samples collected from the Greater Green River Basin, Wyoming. Graphs are listed 
in stratigraphic order from youngest to oldest.  
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Figure 16.1: Fox Hill Sandstone.  
 
 
Figure 16.2: Dad Member of the Lewis Shale.  
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Figure 16.3: Almond Formation Sandstone.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16.4: Pine Ridge Sandstone of the Mesaverde Group.  
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Figure 17.) Probability density plots and U-Pb concordia diagrams for LA-ICP-MS analyses of 
zircon from samples collected in the Greater Green River Basin, Wyoming. Probability density 
plots and U-Pb concordia diagrams were constructed in Isoplot!/Ex. The Concordia diagrams 
include all U-Pb analyses and the probability density plots show all analyses that are <15% 
discordant. The number of grains (n) represents the number of analyses. LA-ICP-MS U-Pb 
isotopic data of rutile can be found in Appendix C. 
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Figure 18.1-4) U-Pb concordia diagrams for LA-ICP-MS analyses of detrital rutile from samples 
collected in the Greater Green River Basin, Wyoming. U-Pb concordia diagrams were 
constructed in Iolite!. The number of grains (n) represents the number of analyses. 
Supplemental data of LA-ICP-MS U-Pb age data of rutile can be found in Appendix D. 
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Figure 19.1-10: QEMSCAN analytical results for sedimentary samples collected from the Book 
Cliffs, Utah. Graphs are ordered in pairs showing QEMSCAN analyses of samples collected 
from contrasting sequence stratigraphic system tracts in the Blackhawk Formation and the Star 
Point Formation.  
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!
Figure 19.1:  Deltaic sandstone of the Panther Tongue, Star Point Formation. Lowstand system 
tract.  
Figure 19.2:  Coarse grained transgressive lag deposit of the Panther Tongue, Star Point 
Formation. Transgressive system tract.
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Figure 19.3: Transgressive lag deposit of the Spring Canyon Member, Blackhawk Formation. 
Highstand system tract. 
 
Figure 19.4:  Shoreface sandstone of the Spring Canyon Member, Blackhawk Formation. 
Highstand system tract. 
 126!
Figure 19.5: Incised valley fill setting of the Aberdeen Member, Blackhawk Formation. 
Lowstand system tract. 
 
Figure 19.6:  Shoreface sandstone of the Spring Canyon Member, Blackhawk Formation. 
Highstand system tract.  
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Figure 19.7:  Shoreface sandstone of the Desert Member, Blackhawk Formation. Highstand se 
system tract. 
 
Figure 19.8: Incised valley fill of the Desert Member, Blackhawk Formation. Lowstand system 
tract. 
 128!
Figure 19.9:  Incised valley fill of the Castlegate Sandstone Member, Blackhawk Formation. 
Lowstand system tract. 
 
Figure 19.10: Incised valley fill of the Castlegate Sandstone Member, Blackhawk Formation. 
Lowstand system tract. 
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Figure. 20.1-5) Probability density plots and U-Pb concordia diagrams for LA-ICP-MS analyses 
of zircon from samples collected in the Book Cliffs, Utah. Probability density plots were 
constructed in Isoplot!/Ex and U-Pb concordia diagrams were constructed in Iolite!. The 
Concordia diagrams include all U-Pb analyses whereas the probability density plots show only 
analyses that are <15% discordant. The number of grains (n) represents the number of analyses. 
LA-ICP-MS U-Pb isotopic data of zircon can be found in Appendix E. 
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20.1)  
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20.5)  
 135!
 
 
 
 
 
 
 
 
 
 
 
Figure 21.1-3) U-Pb concordia diagrams for LA-ICP-MS analyses of detrital rutile from samples 
collected in the Book Cliffs, Utah. U-Pb concordia diagrams were constructed in Iolite!. The 
number of grains (n) represents the number of analyses. LA-ICP-MS U-Pb isotopic data of rutile 
can be found in Appendix F. 
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21.2)  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 138!
21.3)  
 
 139!
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22.1-4) Plots showing concentrations of Nb and Zr versus U-Pb age of the analyzed rutile 
grains. LA-ICP-MS trace element data can be found in Appendix G.  
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Figure 23.1-4) Zr-in-rutile temperature versus U-Pb age diagrams for rutile from the Book Cliffs, 
Utah. The zirconium content was used to calculate the crystallization temperatures of rutile 
grains using the equation from Watson et al. (2006). LA-ICP-MS trace element data can be 
found in Appendix G. 
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Tables  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1.) Table showing the separation efficiency of SiC and pure quartz sand using heavy liquid 
separation methods. Heavy liquids used include Bromoform (s.g. 2.85 g/cm3) and Methylene 
Iodide (s.g. 3.3 g/cm3).  
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Table 2.) Description of samples from the Greater Green River Basin, Wyoming. Sandstone 
classification and cement composition of each sample was determined from QEMSCAN! 
analyses. Grain size determination was performed using a modified Wentworth grain size chart 
from Ingram (1953). 
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Sample Formation Latitude Longitude 
Sand Grain 
Size 
Sandstone 
Classification
GR-09-05 Fox Hills Fm. 41.788545 -107.394683 very fine upper Litharenite
GR-09-19 Dad Mbr. Of Lewis shale 41.851918 -107.394104 fine lower Litharenite
GR-09-14 Almond Fm. 41.782577 -107.355309 very fine upper Litharenite
GR-09-09 Pine Ridge sandstone 41.777649 -107.337799
very fine 
lower Sublitharenite Silica
Cement 
Composition 
       Description of sandstones from the Greater Green River Basin, WY
Silica
Dolomite
Dolomite
 153!
 
 
 
 
 
 
 
 
 
 
 
Table 3.) Description of samples from the Book Cliffs, Utah. Sandstone classification and 
cement composition of each sample was determined from QEMSCAN! analyses. Grain size 
determination was performed using a modified Wentworth grain size chart from Ingram (1953). 
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Sample Formation Latitude Longitude 
Sand Grain 
Size 
Sandstone Classification
11-CSTG-07 Castlegate sandstone 39.084638 -110.051250
very fine 
upper-fine 
lower
Sublitharenite
11-TUS3C-22.3-22.4 Castlegate sandstone 39.099960 -110.029793 fine lower Sublitharenite
11-TUS3C-2-17 Desert Mbr. Blackhawk  39.096796 -110.080862
very fine 
upper Sublitharenite
11-BH-06 Desert Mbr. Blackhawk  39.090501 -110.867986
very fine 
lower Sublitharenite
11-AB-LST
Aberdeen 
Mbr. 
Blackhawk  
39.024385 -109.708786 very fine lower Sublitharenite
11-SPC-01
Spring 
Canyon Mbr. 
Blackhawk  
39.090367 -110.053139 medium upper Sublitharenite
11-SPC-05
Spring 
Canyon Mbr. 
Blackhawk 
Fm.  
39.717375 -110.876759 fine upper Sublitharenite
11-PTH-09
Panther 
Tongue Star 
Point Fm.   
39.71186 -110.867986 very fine upper Litharenite
10-PTH-01
Panther 
Tongue Star 
Point Fm.   
39.711941 -110.870290 fine upper-medium lower Litharenite
Calcite
Calcite
Cement Composition 
       Description of sandstones from the Book Cliffs, UT
Silica
Dolomite
Dolomite
Silica
Silica
Calcite
Calcite
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Appendix A: Cathodoluminescence Images of Zircon Grains  
 Prior to U-Pb and trace element analyses, grain mounts containing relevant zircon grains 
were imaged at the University of Kansas Microscopy and Analytical Imaging Laboratory. A 
LEO 1550 Field Emission Scanning Electron Microscope was used to collect grey-scale 
cathodoluminescence images to reveal the internal complexities in zircon grains. Imaged zircons 
in nearly all samples contained inherited cores, sector-zones, and oscillatory zones. During spot 
placement for laser ablation-inductively coupled plasma-mass spectrometry analyses, these 
images were consulted to target specific areas on zircon grains. Commonly, targeted zircons 
were ~50-120 µm. In the analyses of grains that were less than ~60 µm the internal complexities 
in the grains could not be differentiated. Grains that were large enough for the internal 
complexities in the grains to be differentiated, the inherited cores of the grains were targeted for 
analyses.  
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Appendix A: CL Images of Zircon 
Zircon from the Greater Green River Basin, Wyoming  
 GR-09-05 
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GR-09-05 continued 
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 GR-09-09 
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 GR-09-14  
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 GR-09-19 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 161!
 GR-09-19 continued  
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Zircon from the Book Cliffs, Utah  
 11-CSTG-07  
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 11-CSTG-07 continued  
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 11-TUS3C-22.3-22.4  
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 11-TUS3C-22.3-22.4 continued  
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11-TUS3C-2-17  
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 11-AB-LST  
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 11-AB-LST 
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 11-BH-06 
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 11-SPC-05 
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 11-CTSG-01 
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11-BH-09 
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Appendix B: Qualitative Evaluation of Minerals by Scanning Electron Microscope Images  
 
 Thin section billets and grain mounts were sent to the Colorado School of Mines (CSM) 
Advanced Mineralogy Research Center for quantitative mineral analysis. An automated scanning 
electron microscope (SEM) called the Qualitative Evaluation of Minerals by Scanning Electron 
Microscope or QEMSCAN! provides mineralogical and textural data. The SEM contains a 
unique electron-beam system with four Bruker energy-dispersive x-ray spectrometers (EDS) for 
rapid measurement of the EDS spectrum. Measurements of the EDS spectrum and the collection 
of the backscatter electron signal provides rapid mineral identification producing a false colored 
map.  
 Samples from the Greater Green River Basin, Wyoming, grain mounts were made 
containing minerals that were heavier than >2.8 g/cm3 and non magnetic at .7 A on the Frantz 
Magnetic separator. The light minerals (<2.8 g/cm3) separated from the Greater Green River 
samples were also mounted in epoxy and sent to the QEMSCAN! laboratory at CSM to 
measure the separation efficiency.  After further honing of the mineral separation method, 
samples from the Book Cliffs, Utah heavy minerals, >3.3 g/cm3, were mounted in epoxy to be 
analyzed. Thin sections from the Greater Green River Basin, WY and the Book Cliffs, UT were 
made and were analyzed by the QEMSCAN! in the same manner.  
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Examples of the images produced during QEMSCAN! analyses  
  Mineralogy scan of GR-09-05 grain mount containing minerals <2.84 g/cm3  
 
 
 
 
 
 
 
 
 
 
 
  
 Backscatter electron scan of GR-09-05 grain mount containing minerals <2.84 g/cm3 
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 Mineralogy scan of GR-09-05 grain mount containing minerals >2.84 g/cm3 
   
 
 
 
 
 
 
 
 
 
 
 
 
 Backscatter electron scan of GR-09-05 grain mount containing minerals >2.84 g/cm3 
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 Mineralogy scan of GR-09-05 thin-section  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 177!
Legend for the QEMSCAN! false color mineral maps.  
 
 
 
Graph showing the volume percent of minerals for the Bromoform heavy minerals (>2.84 g/cm3) 
in sample GR-09-05.   
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